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ABSTRACT
Extreme ultraviolet and X-ray photons from the Sun generate a partially ionized
region in the atmosphere of a planet called an ionosphere. Solar activity, including
solar flares, coronal mass ejections, and changes in the ionizing irradiance affect plan-
etary ionospheres on short and long timescales. These effects are significant because
the ionosphere is a reservoir from which atmospheric species are lost to space, and
changes to a planet’s ionosphere have implications for atmospheric loss and planetary
habitability over the course of solar system history.
This dissertation aims to fill a gap in our understanding of how the ionospheres
of Venus and Mars react to solar activity; namely, how the electron density and ion
composition respond to changing solar irradiance in the highly variable region above
the ionospheric peak. Using remote sensing observations from Venus Express and
Mars Global Surveyor, I find that the observed increases in electron density during
periods of high solar irradiance exceed the predictions of photochemical equilibrium
theory at high altitudes at both Venus and Mars. I use one-dimensional photochemical
equilibrium models to show that the overall expansion of the neutral atmosphere due
to increasing neutral temperature is the dominant factor in determining how electron
vi
densities in the dayside ionosphere above the ionospheric peak react to changing solar
irradiance.
Using in situ observations from Pioneer Venus and MAVEN, I show that the ex-
pansion of the neutral atmosphere can also alter the ion composition at both planets.
Assessing the observations in a fixed neutral number density frame rather than a
fixed altitude frame reveals differences between the planets. At Mars, changes in
the ion composition are driven by increasing solar flux. At Venus, changes in the
ion composition are driven by changes to the composition of the neutral atmosphere
as well as increasing solar flux. Thus, higher solar irradiance increases the electron
density and alters the makeup of the ions available to be lost to space. Because the
neutral atmosphere is so important to ionospheric behavior, I find that for the best
interpretation of ionospheric data, simultaneous in situ observations of the neutral
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Venus, Earth, and Mars were likely all temperate in the past, with liquid water
on their surfaces (Donahue et al., 1982; Pollack et al., 1987). Today, Venus is a
hellish place, with surface temperatures exceeding 700 K and almost no water in
its atmosphere. Mars, with its thin atmosphere, is freezing cold and similarly dry,
except for its polar ice caps and permafrost. Both planets represent an unenviable
end-case for Earth. One of the central aims of planetary science is understanding how
the planets, sculpted from the same solar nebula, have evolved to the very different
worlds they are today.
This question is particularly interesting in the case of Venus, Earth, and Mars. All
three planets have solid, rocky surfaces and support atmospheres substantial enough
to host detectable ionospheres. Other similarities tend to span just two planets rather
than all three: Venus and Mars have carbon-dioxide-dominated atmospheres while
Earth’s is rich in nitrogen. Venus and Mars lack global magnetic fields, while Earth’s
is robust. Earth and Mars, with their spin axes inclined relative to their orbital
planes, have well-defined seasons while Venus, spinning almost exactly upside down,
has none. Earth and Mars rotate at about the same rate, while Venus is slow to turn.
Venus receives roughly twice the solar flux as Earth, while Mars receives roughly half.
This dissertation will contribute to addressing the overarching question of how our
variable Sun affects the planets in our solar system. More specifically, this work will
2
address how changing solar irradiance affects the dayside ionospheres of Venus and
Mars at altitudes above the ionospheric peak. This question is important because
this region is a reservoir from which atmospheric particles are lost to space. On
long timescales, this loss can lead to atmospheric evolution. Understanding how the
density and composition of planetary ionospheres change over short timescales can
help us better understand these long-term changes — both looking back into the
distant past as well as contemplating the futures of these terrestrial worlds.
1.2 Terrestrial Planet Atmospheres and Ionospheres
1.2.1 Overview
There are four terrestrial planets — defined as being composed mostly of rocks or
solid materials, as opposed to gases — in our solar system: Mercury, Venus, Earth,
and Mars. Of these, only Mercury does not have a substantial atmosphere. The
atmospheres of Venus, Earth, and Mars can be divided into three general regions,
which are illustrated in Figure 1.1:
• In the homosphere, the atmosphere is well-mixed. Neutral species are in
thermal equilibrium and the density of all neutral species decreases with altitude
with a single scale height, H, given by kTn/m̄g, where k is the Boltzmann
constant, Tn is the neutral temperature, m̄ is the mean neutral species mass, and
g is the gravitational acceleration. The scale height is the distance over which
the density decreases by a factor of e. Sampling the atmosphere throughout the
homosphere should yield the same composition. The homosphere is bounded
by the planetary surface and the homopause. To a reasonable approximation,
the homosphere contains the troposphere and middle atmosphere.
• In the diffusive region, neutral species are separated by diffusion. The density
of each species decreases with altitude with a scale height equal to kTn/mig,
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where mi is the mass of an individual neutral species. The composition of
the atmosphere changes as a function of altitude throughout this region. The
diffusive region is bounded by the homopause and the exobase. To a reasonable
approximation, the diffusive region contains the thermosphere.
• In the exosphere, densities are low enough that a particle’s mean free path is
equal to the atmospheric scale height. Due to the extremely low densities, par-
ticles with velocities greater than the escape velocity can leave the atmosphere
from this region.
Figure 1.1: A diagram of the main atmospheric regions of Venus
and Mars. The densities of H, O, CO2, and CO
+
2 are typical for Mars’s
atmosphere and ionosphere. Figure from Girazian (2016), adapted from
Jakosky et al. (2015).
Venus, Earth, and Mars possess atmospheres that have likely changed greatly
from the atmospheres they collected from their nascent solar nebula over four billion
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years ago, whether through outgassing and volcanism, atmospheric loss, or the de-
velopment of life. As the atmospheres in our solar system have evolved over time, so
too have their ionospheres: weakly ionized plasma layers produced by the ionization
of atmospheric atoms and molecules by incident solar extreme ultraviolet (EUV) and
X-ray photons. Many characteristics of an ionosphere are largely determined by the
planet’s surface gravity, neutral atmospheric composition, orbital distance, rotation
rate, and magnetic field (Schunk and Nagy, 2009). The spectrum of the incident ion-
izing radiation also has a significant impact on the vertical structure of a planetary
ionosphere (e.g., Girazian et al., 2015).
The plasma density in a planetary ionosphere can be approximated using a simple
photochemical equilibrium (PCE) theory known as Chapman layer theory (Chapman,
1931). This theory details the passage of ionizing radiation through the atmosphere
of a planet and the subsequent production and loss of ions and electrons. PCE
theory assumes a single wavelength of ionizing radiation incident upon a spherically
symmetric atmosphere composed of a single neutral species, which yields a single,
positive, molecular ion species and free electrons. The density of this neutral species
is assumed to decrease exponentially with a constant scale height as
n(z) = n0 e
− z−z0
H (1.1)
where n is the density of the neutral atmosphere, z is the altitude, n0 is the density of
the neutral atmosphere at a reference altitude z0, and H is the neutral scale height.
The scale height is given by kTn/mg, where k is the Boltzmann constant, Tn is the
neutral temperature, m is the mass of the neutral species, and g is the gravitational
acceleration.
Ionizing flux incident upon the top of the atmosphere is attenuated as it passes
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through the atmosphere according to
F (z, χ) = F∞ e
−τ(z,χ) (1.2)
where z is the altitude above the surface, χ is the solar zenith angle, τ is the optical
depth, and F∞ is the ionizing flux at the top of the atmosphere. The optical depth,
τ , is given by σ n(z) H sec(χ), where σ is the ionization cross-section and n(z) and
H are the neutral density and scale height as defined above.
The number of ions produced by photoionization per cubic centimeter per second is
the product of the number density of the neutrals, n(z), the ionizing flux, F (z, χ), and
the ionization cross-section, σ. Thus, the production rate, P , equals n(z) F (z, χ) σ.
Figure 1.2 illustrates the production rate as a function of the ionizing flux and the
neutral density.
The ions are then lost by dissociative recombination, in which the positive ion
regains its lost electron and splits apart into two or more neutral components due to
the energy released by the recombination. The number of ions lost by dissociative
recombination per cubic centimeter per second is given by α Ni(z)Ne(z), where α is
the dissociative recombination rate coefficient and Ni(z) and Ne(z) are the number
density of ions and electrons, respectively. Because PCE theory assumes that there
is only one ion species and that the number of ions produced equals the number of
electrons produced, this expression becomes α Ne(z)
2.
In photochemical equilibrium, plasma transport is taken to be negligible. Thus,
the expression relating the electron production and loss rates is as follows: n(z)F (z, χ)
σ = α Ne(z)
2. Substituting in the expressions for n(z) and F (z, χ) introduced above
and performing some judicious rearranging yields an expression for the electron den-
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Figure 1.2: A cartoon showing that the ion and electron production
rate is proportional to the product of the ionizing flux and the neutral
number density. The production rate shows a distinctive maximum
that occurs at or near an optical depth of unity.
sity as a function of altitude and solar zenith angle:













Here, nm is the maximum electron number density, located at an altitude of zm.
Figure 1.3 shows the characteristic shape of a Chapman layer in normalized units.
PCE theory makes predictions about how planetary ionospheres change with
changing solar zenith angle and solar activity. The extent to which PCE theory
is a useful tool for describing the behavior of planetary ionospheres is an area of
ongoing research (e.g., Fox and Yeager, 2006; Girazian and Withers, 2013; Fallows
et al., 2015a).
The following sections will introduce the specifics of the atmospheres and iono-
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Figure 1.3: A Chapman layer with normalized units.
spheres of Venus and Mars.
1.2.2 Atmosphere and Ionosphere of Venus
Aside from Earth, Venus has one of the most well-studied atmospheres and iono-
spheres in our solar system. Some of the earliest investigations of Venus’s atmosphere
were carried out by St. John and Nicholson (1922) and Adams and Dunham (1932),
who used ground-based optical and near-infrared telescopes to search for spectral
lines of oxygen and water. Both groups found no hint of these important species,
but Adams and Dunham (1932) presumed that the unfamiliar spectral lines in the
spectra belonged to a different common atmospheric constituent: carbon dioxide.
Early spacecraft missions to Venus provided further data upon which to speculate.
In 1962, the first spacecraft to Venus, Mariner 2, probed the planet using infrared ra-
diometry and found extremely high temperatures (500-600 K) originating either from
the planet’s surface or from a thick cloud layer, suggesting that Venus is decidedly
un-Earth-like (Chase et al., 1963; Barath et al., 1964).
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Subsequent spacecraft missions explored the characteristics of the atmosphere
and ionosphere. In 1967, the Venera 4 lander became the first spacecraft to travel
to Venus’s surface (Vakhnin, 1968). The lander determined Venus’s atmosphere to
be composed of more than 90% CO2 by volume, with a surface temperature greater
than 700 K and a surface pressure of 90 atm (Vinogradov et al., 1968; Wood et al.,
1968).
The Mariner 5 flyby in 1967 (Kliore et al., 1967; Mariner Stanford Group, 1967)
provided a first look at Venus’s ionosphere, acquiring two vertical electron density
profiles. These profiles are shown in Figure 1.4. The Mariner 5 observations revealed
a tenuous but extended ionosphere on Venus’s night side and a relatively dense and
compressed ionosphere on its day side.
Figure 1.4: Vertical electron density profiles obtained by Mariner
5. The insets on the right demonstrate the possible scale heights of
different species at different temperatures, highlighting the ambiguity in
the chemical composition inherent in this type of measurement. Figure
from Mariner Stanford Group (1967).
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Because this type of measurement can only provide the number of free electrons
present, there was much speculation about the potential composition and temper-
ature of Venus’s ionospheric plasma. Assuming a neutral atmosphere rich in CO2
and supplemented by N2, McElroy (1969) predicted that the dominant ionospheric
chemistry in Venus’s ionosphere was as follows:
CO2 + hν → CO+2 + e− (1.4)
CO+2 + e
− → CO + O (1.5)
However, exploration of Venus’s thermosphere and ionosphere by Pioneer Venus
(PV) from 1978 to 1992 revealed that the dominant ionospheric species is O+2 rather
than CO+2 , despite there being very little neutral O2 present in the thermosphere.
This is due to the presence of a small proportion of neutral atomic oxygen, which
modifies the main chemical pathways as follows:
CO2 + hν → CO+2 + e− (1.6)
CO+2 + O→ O+2 + CO (1.7)
O+2 + e
− → O + O (1.8)
The loss of CO+2 by charge exchange, which produces O
+
2 , is much faster than the
loss of O+2 by dissociative recombination (Schunk and Nagy, 2009). Consequently,
O+2 is the most abundant ion species.
Though it concluded nearly 30 years ago, the PV mission remains one of the most
in-depth explorations ever conducted of a planet other than Earth. PV consisted of
an orbiter (Pioneer Venus Orbiter; PVO) for in situ and remote sensing observations
of the Venusian thermosphere and ionosphere and four atmospheric entry probes for
the investigation of the lower atmosphere (Colin, 1979). Figures 1.5 and 1.6 show
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sample neutral and ion composition data from PVO. Venus’s neutral atmosphere is
predominantly CO2 up to ∼160 km, where O takes over as the most abundant species.
O+2 is the dominant ion species up to ∼180 km, above which O+ is the most abundant.
Figure 1.5: An example of Venus’s neutral atmosphere from the neu-
tral mass spectrometer on the PV multiprobe bus (von Zahn et al.,
1980).
PVO was succeeded by Venus Express (VEX), which orbited Venus from 2006
to 2014. While PVO got its closest look at the Venusian atmosphere during the
maximum of solar cycle 21, VEX performed its observations during the declining
phase of solar cycle 23, a deep and prolonged solar minimum, and the rising phase of
solar cycle 24, which was weak compared to other recent solar cycles. VEX obtained
the largest set of day side vertical electron density profiles to date, surpassing the 148
performed by PVO (Häusler et al., 2006; Kliore and Luhmann, 1991). These profiles
allowed for close examination of the vertical structure of Venus’s ionosphere, revealing
it to have a maximum electron density of order 106 cm−3 occurring on average at an
altitude of 141 km, with a local maximum in the electron density nestled underneath
around 127 km (Cravens et al., 1981). The upper (V2) peak is produced mainly
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Figure 1.6: An example of Venus’s ionosphere from PVO Orbiter
Ion Mass Spectrometer (Taylor et al., 1980). The ion data have been
divided into two plots for clarity.
12
by ionization due to solar extreme ultraviolet photons, while the lower (V1) peak is
produced mainly by ionization due to solar X-ray photons as well as electron-impact
ionization. Other layers intermittently appear below this altitude (Pätzold et al.,
2009). The top of the ionosphere is bounded by the ionopause, a sharp decrease in
the electron density, which occurs at altitudes ranging from ∼250 to over 1,000 km
(Luhmann et al., 1987). These features are all present in the typical electron density
profile shown in Figure 1.7.
Figure 1.7: A representative dayside electron density profile from
Venus Express. This observation was made on July 6, 2012, at a solar
zenith angle of 36◦, latitude of 12.1◦, and longitude of 284.3◦. The
F10.7P value was 280 s.f.u. at Venus.
The long-lived PV and VEX missions greatly enhanced our understanding of our
planetary neighbor. PV investigated the interaction of Venus’s atmosphere with the
solar wind, which is distinct from the interaction of Earth’s atmosphere with the solar
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wind (Elphic et al., 1980), determined that Venus had little to no intrinsic magnetic
field but did possess magnetic flux ropes throughout the ionosphere (Russell and
Elphic, 1979), and took thorough measurements of the neutral atmosphere, leading
to the development of a global empirical model still in use today (Hedin et al., 1983).
VEX continued to increase our knowledge of our neighboring planet, bringing to light
Venus’s highly variable polar vortices (Garate-Lopez et al., 2013), the presence of
magnetic reconnection in Venus’s magnetotail (Zhang et al., 2012), and confirming
the loss of water from Venus’s atmosphere (Collinson et al., 2016).
Today, the sole Venus orbiter is Akatsuki, which achieved orbital insertion in 2015
after failing to do so on its scheduled first attempt (Campagnola and Kawakatsu,
2015). Several new Venus-bound spacecraft will join it in the not too distant future;
at the time of this writing, NASA, the European Space Agency (ESA), and the India
Space Research Organization (ISRO) have a total of four Venus missions slated to
launch in the next decade. NASA’s Venus Emissivity, Radio Science, InSAR, Topog-
raphy, and Spectroscopy (VERITAS) spacecraft will investigate the history of Venus’s
surface, while the Deep Atmosphere Venus Investigation of Noble gases, Chemistry,
and Imaging, Plus (DAVINCI+) spacecraft will be dedicated to understanding how
Venus’s atmosphere formed and evolved. ESA’s EnVision mission will seek to under-
stand the interplay between Venus’s surface and atmosphere and assess the likelihood
of there ever having been oceans or life there. ISRO’s proposed Shukrayaan orbiter
will study Venus’s surface as well as its atmospheric chemistry and the interaction of
the solar wind with its ionosphere.
1.2.3 Atmosphere and Ionosphere of Mars
Our understanding of Mars’s atmosphere and ionosphere unfolded in a way similar to
our understanding of Venus. First, early ground-based spectroscopy suggested that
Mars’s atmosphere was rich in carbon dioxide (e.g., Grandjean and Goody, 1955;
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Betz et al., 1977). Later, spacecraft missions gave a more nuanced view: the Mariner
missions to Mars in the 1960s and early 1970s provided the first look at the plasma
densities in its ionosphere (Kliore et al., 1965, 1969, 1972), and the Viking landers in
1976 delivered the first measurements of the composition of Mars’s neutral atmosphere
and ionosphere (Nier and McElroy, 1977; Hanson et al., 1977; Chen et al., 1978). The
first dayside electron density profiles indicated that the peak of Mars’s ionosphere is
located at 125 km (as extrapolated to the sub-solar point by Fox and Weber (2012)),
with a lower peak around 109 km. The in-situ measurements from the Viking landers
showed an atmosphere almost completely composed of CO2. Though Mars possesses
sufficient atomic oxygen to jump-start the same ionospheric chemistry seen at Venus
and detailed in equations 1.6, 1.7, and 1.8, the proportion is much smaller than it is
at Venus. This is likely due to the generation of atomic oxygen by photodissociation
of CO2 molecules. Venus is bombarded with roughly four times the solar flux as
Mars, leading to greater photodissociation and a greater proportion of atomic oxygen
(Bougher et al., 1999). Figures 1.8 and 1.9 show examples of Mars’s neutral and ion
densities. The smaller proportion of atomic oxygen and the larger neutral scale height
at Mars (roughly 8 km compared to 4 km at Venus, largely due to Venus’s stronger
gravity) lead to atomic oxygen taking over as the most common neutral species at
∼250 km, compared to ∼160 km at Venus. This leads to O+2 relinquishing the title
of most abundant ion at a higher altitude as well: ∼300 km compared to ∼180 km
at Venus.
In the decades since the first spacecraft skimmed Mars’s atmosphere, a fleet of
orbiters, landers, and rovers has taken up residence on and around it. Today, there are
no fewer than eight operational spacecraft orbiting Mars, with a handful more seated
on or traveling across the surface. Past and present Mars orbiters have collected
thousands of vertical electron density profiles, topside electron density profiles, and
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Figure 1.8: An example of Mars’s neutral atmosphere from MAVEN
NGIMS. Figure from Mahaffy et al. (2015a).
Figure 1.9: An example of Mars’s dayside ionosphere from MAVEN
NGIMS. Figure from Benna et al. (2015a).
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ion and neutral densities sampled along the spacecraft orbit.
Though each Mars orbiter has advanced our understanding of Mars’s atmosphere,
I will briefly introduce just the two that are the main focus of this dissertation: Mars
Global Surveyor (MGS), which operated from 1997 to 2006, and the Mars Atmosphere
and Volatile Evolution (MAVEN) spacecraft, which entered Mars orbit in 2014 and
continues to report back from the red planet. MGS was operational during nearly all
of solar cycle 23, while MAVEN arrived at Mars near the weak peak of solar cycle
24 and will continue to observe into the rising phase of solar cycle 25. Critical to
my investigation of Mars’s ionosphere, MGS obtained an astounding 5,600 vertical
electron density profiles, and MAVEN carries a suite of instruments dedicated to
characterizing Mars’s upper atmosphere and ionosphere.
MGS’s collection of vertical electron density profiles allowed for close investigation
of the effects of changing solar activity on the properties of the main and lower
ionospheric peaks (Girazian and Withers, 2013; Fallows et al., 2015a; Withers et al.,
2015), the morphology of the ionosphere above the main peak (Mayyasi et al., 2018),
and layers appearing below the lower ionospheric peak (Gupta and Upadhayaya,
2019). Figure 1.10 shows a typical MGS electron density profile. The upper (M2)
layer, which is produced mainly by ionization due to extreme ultraviolet photons,
and the lower (M1) layer, which is produced mainly by ionization due to solar X-ray
photons and electron-impact ionization, are clearly visible at 135 km and 105 km,
respectively.
MAVEN has provided substantial information about essentially every aspect of
Mars’s ionosphere. Seasonal and solar activity effects on the ionosphere have been
explored, including the effects of dust storms (Felici et al., 2020), solar flares (Thie-
mann et al., 2018), and coronal mass ejections (Duru et al., 2017; Thampi et al.,
2018). MAVEN has also enhanced our understanding of how Mars’s ionosphere is
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Figure 1.10: A representative dayside electron density profile from
Mars Global Surveyor. The thick black line shows the observed densi-
ties. The thin grey lines show the 1-sigma uncertainties in the measure-
ments. This profile was obtained on 10 January 2001 at SZA=77.9◦,
Ls=101.2
◦, latitude=73.2◦ N, longitude=155.9◦ E, and LST=2.84 h.
influenced by the presence of crustal magnetic fields (e.g., Flynn et al., 2017; Withers
et al., 2019), which has important implications for ionospheric escape (e.g., Dubinin
et al., 2020) and the behavior of Mars’s sporadic ionopause (e.g., Sánchez-Cano et al.,
2020; Duru et al., 2020).
1.3 Solar Activity
1.3.1 The Solar Activity Cycle
Roughly every 11 years, the Sun’s toroidal and poloidal magnetic field components
exchange energy, resulting in a 22-year magnetic activity cycle that manifests as
periodic emergence of sunspots, solar flares, and coronal mass ejections (CMEs) and
periodic modulation of the high-energy solar flux, radio flux, solar wind speed, and
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flux of the solar magnetic field through the photosphere (Balogh et al., 2014). Figure
1.11 shows the cyclic behavior of three of these quantities.
Figure 1.11: Top panel: The Sun’s radio flux at a wavelength of
10.7 cm in solar flux units (s.f.u.). 1 s.f.u. = 10−22 W m−2 Hz−1.
Middle panel: The international sunspot number. Bottom panel: The
Sun’s UV flux at a wavelength of 121.6 nm (Lyman-α). On dates
with no data available, models were used to estimate the value. All
quantities have been averaged over one solar rotation period for clar-
ity. Data from the Laboratory for Atmospheric and Space Physics
(https://lasp.colorado.edu/lisird/).
The solar activity cycle has measurable effects on planetary atmospheres and
ionospheres on short (e.g., atmospheric heating by a single solar flare or the passage
of a sunspot across the Sun’s disk) and long timescales (e.g., the integrated effects
of the solar wind buffeting the upper atmospheres of unmagnetized planets) (e.g.,
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Withers and Mendillo, 2005; Jakosky et al., 2018; Cramer et al., 2020). Each of
the periodic phenomena listed in the previous paragraph has an effect on planetary
ionospheres, the basics of which are summarized in the remainder of this section. This
dissertation will focus on the effects of solar irradiance on planetary ionospheres; thus,
the following two sections will discuss the development and use of proxies for the Sun’s
ionizing irradiance.
1.3.2 Solar Irradiance Proxies
Ideally, every planet-orbiting spacecraft would carry an instrument capable of mea-
suring the solar spectrum, like MAVEN’s Extreme Ultraviolet Monitor (EUVM), in
order to have precise knowledge of the Sun’s activity from the vantage point of an-
other planet. However, because such instruments are rare, it’s often necessary to use
other quantities that are correlated with the Sun’s ionizing irradiance, known as solar
irradiance proxies. When studying planets other than Earth, it’s also necessary to
translate these proxies to other planets. This section will introduce some commonly
used solar activity proxies and describe the method used to translate them to other
planets.
The wavelengths most important to the study of planetary ionospheres are those
capable of ionizing atoms and molecules in planetary atmospheres. For planets with
atmospheres dominated by carbon dioxide, photons with wavelengths shorter than
90.05 nm are important. Thus, the ideal measure of solar activity, for the purposes
of studying CO2-dominated planetary atmospheres, would be the Sun’s spectrum
at wavelengths shorter than 90.05 nm. Those important wavelengths are largely
absorbed within Earth’s own ionosphere, so a spacecraft is necessary to observe them.
However, the historic record of solar EUV and X-ray spectra is spotty up until 2002;
short-lived satellites and rockets from the Orbiting Solar Observatory, AEROS, and
Atmospheric Explorer series of missions provided only intermittent glimpses of the
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Sun’s behavior from 1962 to 1981. In 2002, the Solar Extreme ultraviolet Experiment
(SEE) aboard the Thermosphere Ionosphere Mesosphere Energetics and Dynamics
(TIMED) spacecraft began making daily recordings of the Sun’s spectrum. The daily
solar spectra from TIMED-SEE are an excellent asset to ionospheric observers and
modelers, but are less helpful for observations taken before it launched, such as those
by PVO.
Luckily, there is a long and consistent history of observations of the Sun’s radio
flux at a wavelength of 10.7 cm. Although this wavelength is far-removed from those
that have sufficient energy to ionize atoms and molecules, the Sun’s flux at 10.7 cm
— called F10.7 — is correlated with the ionizing irradiance since the 10.7-cm emission
arises primarily from plasma trapped above solar active regions. The choice of 10.7-
cm radiation rather than another wavelength dates back to the development of radar
during World War II (Tapping, 2013). F10.7 is reported in solar flux units (1 s.f.u. =
10−22 W m−2 Hz−1) and typically varies between 60 and 300 s.f.u. as measured from
Earth (Tapping, 2013).
There are other useful proxies that are related to or derived from F10.7: F10.7P
and E10.7. F10.7P is the average of the daily F10.7 value and the average value over
a period of three solar rotations. Some studies have suggested that this is a better
proxy than F10.7 because it captures the long-term solar behavior as well as the short-
term behavior (e.g., Mendillo et al., 2013). E10.7 is the solar energy incident upon
the top of Earth’s atmosphere integrated between 1.862 and 104.9 nm and recast via
a third-degree polynomial into a form similar to F10.7 with unit of solar flux units
(Tobiska, 2001).
Other solar irradiance proxies that are sometimes used in ionospheric studies in-
clude the number of sunspots (Clette et al., 2014), the Sun’s Lyman-α flux (121.6 nm)
(Machol et al., 2019), and the core-to-wing ratio of the Sun’s Mg II doublet (279.9
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nm) (Snow et al., 2019). All of these indices exhibit some degree of correlation with
the solar EUV flux, but are less commonly used than the E10.7 or F10.7 indices.
1.3.3 Translation of Solar Irradiance Proxies to Other Planets
Use of these proxies at planets other than Earth requires adjusting them to the lo-
cation of the other planet using an established method (e.g., Edberg et al., 2013;
Girazian and Withers, 2013; Girazian et al., 2015; Němec et al., 2019). This adjust-
ment consists of two parts:
1. Correcting for the planet–Sun distance. This correction is performed by





, where dE is the Earth–Sun distance
on the date of the observation and dP is the planet–Sun distance. For Venus,
this correction factor is ∼1.93. For Mars, this correction factor varies between
∼0.36 and ∼0.53 due to the eccentricity of Mars’s orbit.
2. Correcting for the varying Earth–Sun–planet angle. The planets in the
solar system often face different sides of the Sun, and as they progress through
their orbits the Earth–Sun–planet angle varies from -180◦ to 180◦. If Earth
and the target planet are in alignment (Earth–Sun–planet angle of 0◦), it’s only
necessary to correct for the planet’s orbital distance, since Earth and the target
are facing the same side of the Sun. If instead the planets face different sides
of the Sun, the Earth–Sun–planet angle is used to determine the number of
days ahead or behind the target planet is relative to Earth, in terms of the
Sun’s rotation period. For example, if we take the Sun’s rotation period to be
27 days and the Earth–Sun–Venus angle is 30◦, we need to select Earth-based





= 2.25 days before the current date, when
the face of the Sun that is currently directed toward Venus was directed toward
Earth.
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I use a technique previously validated on TIMED-SEE data (http://lasp.colorado.
edu/see/see software.html) (Edberg et al., 2013; Girazian and Withers, 2013; Girazian
et al., 2015). If the date shift is less than or equal to seven days, these two steps can
be combined into one equation:






Here, FP (t0) is the flux at the target planet, FE is the flux at Earth, t0 is the target
day, ∆t is date shift, dE is Earth’s orbital distance, and dP is the target planet’s
orbital distance. The date shift is given by ∆t = 27 days × (Earth–Sun–Planet
angle/360◦). It can take values between 0 and 13.5 days.
If the date shift is larger than seven days, a weighted average of the observations
from two dates separated by one solar rotation period is used instead. In this case,






[w1 FE(t0 ±∆t) + w2 FE(t0 ±∆t∓ 27 days)] (1.10)
The weights w1 and w2 are given by 0.5+0.077(13.5−∆t) and 1−w1, respectively.
This translation technique can be used for any solar activity proxy that has units
of flux, such as the F10.7, F10.7P, and E10.7 indices or the Lyman-alpha flux. Solar
activity proxies with other units, such as the sunspot number, may only require the
second step of this procedure.
This technique introduces some uncertainty due to the fact that solar active re-
gions evolve in time, so an active region pointing at a target planet at time t0 may
have changed since it was pointing at Earth at time t0 −∆t. To probe this potential
uncertainty, Němec et al. (2019) studied the correlation between the modeled solar
flux derived from MAVEN EUVM measurements and the F10.7 index translated to
Mars’s location. They found that the translated F10.7 index and the integrated solar
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flux between 5 and 90 nm were highly correlated, with a correlation coefficient of
0.96.
1.3.4 Impact of Solar Activity on Planetary Atmospheres and Ionospheres
Changing solar activity impacts planetary atmospheres and ionospheres in a variety of
ways. Some effects are due to solar photons (e.g., the ionizing irradiance, solar flares)
and others are due to various flavors of solar plasma (e.g., coronal mass ejections,
solar wind.) This section briefly details the effects of each variety of solar output.
Irradiance
Simple PCE theory predicts that the electron density in a planetary ionosphere re-
sponds to changing solar irradiance according to
Ne = Ne,0 F
k (1.11)
where F is the ionizing irradiance. PCE theory predicts that the exponent, k, equals
0.5. This means that, in theory, the change in electron density with changing solar
irradiance should be uniform across all altitudes.
Despite the wealth of Venus observations, relatively few studies have used this
metric to quantify the behavior of Venus’s ionospheric peak densities. Kliore and
Mullen (1989) studied the effects of changing solar activity on the main ionospheric
peak of Venus using vertical electron density profiles from PVO and derived an expo-
nent of 0.376 ± 0.011. Girazian (2016) performed a similar investigation of the VEX
data set and derived an exponent of 0.28 ± 0.01. Girazian et al. (2015) used the VEX
data set to study the lower (V1) layer, deriving an exponent of 0.87 ± 0.05 with the
E10.7 index.
Several studies have investigated how the ionospheric peaks at Mars have re-
sponded to changing solar irradiance. Past studies have used data from Mars Global
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Surveyor (MGS) radio occultations (Breus et al., 2004; Withers and Mendillo, 2005;
Zou et al., 2006; Fox and Yeager, 2009; Girazian, 2016), Mars Advanced Radar for
Subsurface and Ionosphere Sounding (MARSIS) on Mars Express (Morgan et al.,
2008; Němec et al., 2011), or a combination of ionospheric data sets (Hantsch and
Bauer, 1990) to test the predictions of PCE theory at Mars’s main ionospheric peak.
These studies focused on careful selection of data and an appropriate solar activity
proxy to precisely determine the value of the constant k. Previous analyses of the
MGS dataset derived k values of 0.243 ± 0.031, 0.263 ± 0.0075, 0.37 ± 0.06, and 0.44
(Withers and Mendillo, 2005; Fox and Yeager, 2009; Breus et al., 2004; Zou et al.,
2006). Some of the differences between these derived k values may be due to the
choice of solar activity proxy; Zou et al. (2006), Breus et al. (2004), and Withers and
Mendillo (2005) used the E10.7 index, while Fox and Yeager (2009) used the F10.7 in-
dex. Girazian and Withers (2013) and Girazian (2016) investigated the use of various
solar activity proxies derived from solar EUV and X-ray spectra taken by TIMED-
SEE. Specifically, they investigated the energy flux (total energy carried by photons
with wavelengths between 1 and 90 nm; only photons with wavelengths shorter than
90.04 nm are capable of ionizing CO2 molecules), photon flux (total number of pho-
tons with wavelengths between 1 and 90 nm), and the “number of ionizations” flux
(an estimate of the number of ionizations that will result per meter squared per sec-
ond, including electron-impact ionizations). These proxies yielded k values of 0.47
± 0.02, 0.54 ± 0.02, and 0.52 ± 0.02, which suggests that Mars’s ionosphere at its
main peak is in or nearly in PCE — a conclusion that is not readily apparent from
the studies of the peak density that use F10.7 or proxies derived from it.
Some studies have also addressed the variations with solar activity of the lower
(M1) peak (Fox and Yeager, 2009). Using MGS radio occultations, Fox and Yeager
(2009) found exponents for eight two-degree SZA bins between 71◦ and 87◦, which
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varied between 0.095 ± 0.24 and 0.61 ± 0.18. The median value was 0.40 ± 0.03 —
larger than the median value of 0.27 ± 0.02 they found for the M2 peak in the same
SZA range. Liao et al. (2006) used MGS radio occultations to quantify the change in
the M1 peak density with changing solar activity for the profiles in which the M1 peak
is distinct from the M2 peak. They derived the value of k, where k = dln(Nm)
dln(E10.7×cosχ)
(here, Nm is the peak density, E10.7 is a proxy for the solar irradiance, and χ is the
SZA) for two time periods. They found k values of 0.53 ± 0.01 and 0.36 ± 0.02 for
the periods between 1 November 2000 and 6 June 2001 and 1 November 2002 and
4 June 2003, respectively. Other studies (e.g., Fox and Yeager, 2006; Fallows et al.,
2015a) have noted that the morphology of the M1 layer varies from a subtle bump
at solar minimum to a distinct local maximum at solar maximum or demonstrated
that the M1 peak densities are correlated with the solar X-ray flux. However, of
the few studies focusing on the M1 layer, only Fox and Yeager (2009) quantified the
increase in the M1 electron density by determining the value of the exponent k as
many studies have done for the M2 layer.
Aside from the dayside ionospheric peaks, relatively little attention has been paid
to the behavior of other altitudes in Mars’s ionosphere. Venkateswara Rao et al.
(2014) applied Fourier transforms to MGS radio occultation data and Solar and He-
liospheric Observatory (SOHO) X-ray data to show that electron densities throughout
the ionosphere (∼90-220 km) vary with the rotation of the Sun. They found that the
solar rotation effect was most prominent at the M2 and M1 peaks. For higher alti-
tudes, Duru et al. (2019) showed using MARSIS observations that the median electron
densities in the dayside ionosphere at altitudes above 500 km are correlated with the
solar EUV irradiance as measured at Earth.
Understanding how planetary ionospheres respond to changing solar irradiance at
altitudes above the main ionospheric peak is critical for our understanding of how
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planetary atmospheres change over long timescales (e.g., Ma and Nagy, 2007; Brain
et al., 2017). This region of the ionosphere acts as a reservoir from which plasma
is lost to space. If increasing solar irradiance generates more plasma, that plasma
becomes available to be lost to space, potentially changing the rate of atmospheric
loss. If increasing solar irradiance changes the chemical composition of the ionosphere,
it changes the population of ions available to be lost to space, potentially changing the
composition of the atmosphere. Thus, characterizing the effects that solar irradiance
changes have on planetary ionospheres today allows us to understand the changes
that planetary atmospheres have undergone over the course of solar system history.
Solar Wind
The solar wind has a measurable impact on the ionospheres of Venus and Mars
as well. Unlike at Earth, where the magnetosphere acts as an obstacle between
the solar wind and the upper atmosphere, the solar wind directly impinges upon
the upper atmospheres of Venus and Mars. At Venus this results in the ionosphere
becoming highly compressed. The upper limit of the ionosphere, called the ionopause,
forms where the dynamic pressure of the solar wind equals the combined thermal and
magnetic pressure of the ionosphere (Sánchez-Cano et al., 2020). (Here, the magnetic
pressure is due to small-scale magnetic structures such as flux ropes or due to an
induced magnetic field, not an intrinsic global magnetic field.) The altitude of the
ionopause depends on the speed and density of the solar wind, both of which vary
stochastically as well as with the solar cycle, as well as the incident solar EUV flux.
As the incident EUV flux increases, the altitude of a given pressure level increases
and the ionization fraction increases as well, both of which raise the altitude of the
thermal pressure “obstacle” posed by the ionosphere (Wolff et al., 1979). The thermal
pressure provided by Venus’s ionospheric plasma is often sufficient to balance the solar
wind dynamic pressure, resulting in infrequent ionospheric magnetization compared
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to Mars, where the solar wind dynamic pressure exceeds the maximum ionospheric
pressure most of the time (Nagy et al., 2004). The response of Mars’s ionosphere to
changing solar wind conditions is complicated by the presence of crustal magnetic field
regions in the southern hemisphere (Ma et al., 2002). In these crustal field regions,
“mini-magnetospheres” form, which can hold the advancing solar wind at bay (Brain
et al., 2003).
Solar Flares, Coronal Mass Ejections, and Solar Energetic Particles
Solar flares are brief, impulsive outbursts of high-energy solar irradiance. Solar flares
heat the neutral atmosphere and increase ionospheric electron densities, with the
largest increase seen at low altitudes (e.g., Fallows et al., 2015a; Elrod et al., 2018).
The increases in ionospheric electron densities at Venus and Mars due to solar flares
are similar to the changes incurred by routine increases in solar EUV and X-ray flux,
but magnified due to the greater increase in flux at these energies.
Solar flares are sometimes accompanied by enormous eruptions of solar plasma
and magnetic fields called coronal mass ejections (CMEs). As solar flares are to
everyday changes in the solar flux, coronal mass ejections are to the constant bath of
particles of the solar wind. CME impacts at Venus and Mars result in compression
of the ionosphere and enhancement of ion loss (e.g., Collinson et al., 2015; Ma et al.,
2018).
Solar energetic particles (SEPs) are high-energy particles, ranging from electrons
to heavy atomic nuclei, released from the Sun. They can be associated with solar
flares as well as CMEs, leading to a strong enhancement in the density of particles in
the solar wind. SEP events can enhance plasma densities in planetary ionospheres,
with the altitude of the enhancement dependent upon the SEP energy; at Mars, for
example, a 1 keV proton deposits its energy at 150 km while a 100 MeV proton can
travel all the way to the surface (Sheel et al., 2012; Hassler et al., 2012). Studies of
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SEP effects on the ionospheres of Venus and Mars by, e.g., Plainaki et al. (2016) and
Sánchez-Cano et al. (2019) reveal that ionization due to SEPs typically peaks below
100 km.
Galactic Cosmic Rays
Though galactic cosmic rays (GCRs) are not a direct result of the Sun’s activity cycle
— as the name suggests, the source of these energetic particles lies outside the solar
system — the flux of galactic cosmic rays in the inner solar system is anti-correlated
with the phase of the solar cycle. The flux of GCRs incident on the boundaries of
the solar system is roughly constant, but the number and energies of GCRs turned
back at the boundary of the solar system depends on the properties of the solar
wind and the heliospheric current sheet (e.g., Florinski et al., 2013). The GCR flux
in the inner solar system is highest during solar minimum and lowest during solar
maximum (McDonald, 1998). Because of the extremely high energies of GCRs (106–
1013 eV), they penetrate beyond the altitudes controlled by solar EUV and X-ray
photons (Bazilevskaya et al., 2008; Velinov et al., 2009). At Venus, GCRs are the
primary source of ionization below 100 km (Borucki et al., 1982; Nordheim et al.,
2015). At Mars, GCRs are important primarily below 70 km (Molina-Cuberos et al.,
2001).
1.4 Ionospheric Observations
For my investigations of the ionospheres of Venus and Mars, I use electron densities
derived from radio occultations as well as ion and neutral densities measured in situ
as the spacecraft orbit the planets.
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1.4.1 Radio Occultations
A radio occultation is performed when a radio transmitter (such as a spacecraft)
passes a signal through the atmosphere and ionosphere of a planet that is observed
by a radio receiver (such as a radio telescope on Earth). Figure 1.12 shows the
geometry of a radio occultation of a planetary atmosphere.
Figure 1.12: Geometry of the planetary radio occultations studied in
this dissertation. The bending angle, α, is greatly exaggerated. Figure
from Imamura et al. (2017).
As the radio signal passes through the atmosphere, the properties of the interven-
ing material leave their imprint upon the transmitted radio signal. Specifically, the


















where ∆f is the frequency residual, fT is the frequency of the transmitted signal, and∫
Ne dl is the total plasma density along the ray path. By making the assumption that
the target planet’s atmosphere is spherically symmetric, a vertical electron density
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profile (at the location of the line labeled r0 in Figure 1.12) can be obtained from time
series of the received frequency (Fjeldbo et al., 1971; Withers et al., 2014b; Withers
and Moore, 2020; Withers, 2020; Withers et al., 2021).
Planetary atmospheres are known to vary with solar zenith angle and latitude, so
making the assumption of spherical symmetry introduces some uncertainty into the
process (Withers, 2010). Similarly, because the radio signal is affected by all plasma
along the ray path, the presence of solar wind plasma in the intervening interplanetary
space through which the signal must travel, or even within Earth’s own ionosphere,
can affect the result. Uncertainties due to the presence of solar wind plasma are
minimized for the planets closest to Earth and when the ray path is as far from the
Sun as possible. The effects of Earth’s ionosphere can be reduced during the data
processing (Withers, 2010).
Radio occultations produce vertical electron density profiles, which are conve-
nient to model since one-dimensional photochemical models produce a vertical slice
of the ionosphere. Typically, they are able to probe lower altitudes than in situ mea-
surements due to the limitations of finite spacecraft fuel supplies and the impact of
atmospheric drag. However, radio occultations cannot give any direct information
about the composition of the ionosphere or neutral atmosphere, although models of
radio occultation profiles may be used to estimate those parameters.
1.4.2 In Situ Measurements
The in situ ion composition data were taken by the PV Orbiter Retarding Potential
Analyzer (ORPA) at Venus and the MAVEN Neutral Gas and Ion Mass Spectrometer
(NGIMS) at Mars. The in situ neutral data were taken by the PV Orbiter Neutral
Mass Spectrometer (ONMS) at Venus and by MAVEN NGIMS at Mars.
PV ORPA measures the electron and ion temperature, concentrations of individual
ions as well as the total ion concentration, the thermal ion drift velocity, and the
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energy distribution of suprathermal electrons and ions (Knudsen et al., 1980). In ion
mode, ORPA applies a time-varying voltage and monitors the particles that strike the
collector. Only particles with energies high enough to overcome the opposing voltage
are able to reach the collector.
PV ONMS measures the concentrations of individual neutral species (Niemann
et al., 1980). Neutrals enter the detector, but positive ions are reflected by a positively
charged repeller grid. Neutral species are ionized by electron impact and channeled
through the detector to the analyzer.
MAVEN NGIMS measures the concentrations of individual neutral and ion species
(Mahaffy et al., 2015b). NGIMS measures ion species in open-source mode, in which
atmospheric particles enter the instrument and the charged particles are channeled to
the analyzer by an electrostatic deflector. NGIMS measures neutral species in both
open- and closed-source modes. In open-source mode, atmospheric particles enter
the instrument as they do when measuring ions, but charged particles are swept out
of the way by deflection electrodes, leaving just the neutral species to be ionized
by an electron beam. These newly made ions are channeled to the analyzer using
the same method applied to the atmospheric ions. In closed-source mode, particles
enter a small chamber where they undergo multiple collisions with the walls of the
instrument, where they rapidly thermalize before being ionized and channeled to the
detector. The inclusion of the closed-source measurements allows for signal alteration
due to the presence of neutral winds to be removed.
In situ measurements require no assumptions about the spherical symmetry of the
atmosphere and do not face the same type of issue with interplanetary or Earth iono-
spheric plasma along the ray path. However, they are more challenging to compare
to one-dimensional models because they do not produce a vertical profile of densities.
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1.5 Science Questions
The typical vertical structures of the ionospheres of Venus and Mars are illustrated in
Figure 1.13. Significant variations in ionospheric electron density with solar activity
are apparent. Figure 1.13 also shows that the topside ionosphere of Venus responds
much more strongly to changes in solar activity than does the topside ionosphere
of Mars. This intriguing observation motivates the specific science questions of this
dissertation.
Figure 1.13: Average high and low solar activity electron density pro-
files for Venus (A) and Mars (B). Venus profiles are from VEX. Mars
profiles are from MGS. Both figures show measurements with SZA be-
tween 75 and 80 degrees. Density increases with solar activity are large
and altitude dependent at Venus, but small and altitude independent
at Mars. Note that the horizontal axis range differs between the two
plots.
In this dissertation, I will characterize how these ionospheres react to solar irra-
diance variations at altitudes above the height of peak electron density. As outlined
in the preceding sections, the dependences of the main ionospheric peak (V2, M2
layers) and lower peak (V1, M1 layers) on solar cycle variations have been studied
extensively. Yet the regions above the main ionospheric peaks, which are important
for atmospheric loss and for coupling with the magnetosphere and solar wind, have
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not.
I aim to better understand how the topside electron density at Venus and Mars
responds to changes in solar activity, which motivates Question 1 and studies of
electron density observations. I also aim to understand the underlying physical causes
behind the markedly different ionospheric responses shown in Figure 1.13, which
motivates Question 2 and studies of ion density and composition observations. A
comparison of the results at Venus and Mars will inform our understanding of which
behaviors are common to terrestrial planet ionospheres as a whole and which are
unique to each planet.
This dissertation provides a thorough description of how the electron density and
chemical composition in the ionospheres of Venus and Mars change with solar irradi-
ance. Because an increase in ionospheric electron density leads to greater atmospheric
loss to space, this dissertation provides constraints for future studies of how solar irra-
diance affects the loss and escape of terrestrial planet atmospheres. This will lead to a
better understanding of star-planet interactions and the evolution of the habitability
of planets in our solar system.
The specific science questions that will be answered in this dissertation are as
follows. Above the altitude of the main peak of the dayside ionosphere:
Q1. Do the electron densities of the ionospheres of Venus and Mars vary
with solar irradiance in the same way?
Q2. Do the ion compositions of the ionospheres of Venus and Mars vary
with solar irradiance in the same way?
These questions can be subdivided further:
(a) At what altitudes and solar zenith angles do the electron densities/ion com-
position of the ionosphere of Venus vary with solar irradiance as predicted by pho-
tochemical equilibrium theory? At what altitudes and solar zenith angles do they
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depart from the predictions of theory?
(b) Which of the following factors are important to how the ionosphere of Venus
responds to changing solar irradiance: the overall expansion of the neutral atmo-
sphere, changing neutral composition at a fixed pressure level, changing importance
of minor ions, or changes in the electron temperature?
(c) At what altitudes and solar zenith angles do the electron densities/ion com-
position of the ionosphere of Mars vary with solar irradiance as predicted by pho-
tochemical equilibrium theory? At what altitudes and solar zenith angles do they
depart from the predictions of theory?
(d) Are these altitudes and solar zenith angles the same as or different from those
at Venus?
(e) Which of the following factors are important to how the ionosphere of Mars re-
sponds to changing solar irradiance: the overall expansion of the neutral atmosphere,
changing neutral composition at a fixed pressure level, changing importance of minor
ions, or changes in the electron temperature?
(f) Are these factors the same as or different from those at Venus?
1.6 Plan of Investigation
This dissertation will describe how the ionospheres of Venus and Mars respond to
changes in solar irradiance. In particular, it will characterize how these ionospheres
react to solar cycle variations at altitudes above the height of peak electron density, a
region from which plasma is lost to space. In Chapters 2 and 3, I use radio occultation
observations from VEX and MGS and photochemical models to analyze the effects
of changing solar irradiance on the electron densities in the ionospheres of Venus
and Mars, respectively. These chapters encompass the material contained in the
published articles Hensley et al. (2020) and Hensley and Withers (2021), respectively.
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In Chapters 4 and 5, I use in-situ measurements from MAVEN and PV as well as
photochemical models to characterize the effects of changing solar irradiance on the
ion compositions of the the ionospheres of Mars and Venus, respectively.
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Chapter 2
Dependence of Dayside Electron Densities
at Venus on Solar Irradiance
2.1 Introduction
The characteristics of a planetary ionosphere are largely determined by the planet’s
surface gravity, neutral atmospheric composition, orbital distance, rotation rate, and
magnetic field (Schunk and Nagy, 2009). The spectrum of the incident ionizing radi-
ation also has a significant impact on the vertical structure of a planetary ionosphere
(e.g., Girazian et al., 2015).
The ionosphere of Venus has been studied extensively, starting with the radio oc-
cultation during the Mariner 5 flyby in 1967 (Mariner Stanford Group, 1967; Kliore
et al., 1967). Subsequent missions, especially NASA’s Pioneer Venus Orbiter (PVO)
from 1978 to 1992 and ESA’s Venus Express (VEX) from 2006 to 2015, provided an
in-depth look at the nature of Venus’s thermosphere and ionosphere (e.g. Bauer et al.
(1977), Brace et al. (1979), Brace and Kliore (1991), Häusler et al. (2006), Pätzold
et al. (2007), Gérard et al. (2017)). Although CO2 is by far the most abundant neu-
tral species at altitudes up to ∼160 km, the dominant ion from ∼115 km to ∼180
km is O+2 (Hedin et al., 1983; Fox and Sung, 2001; Brace and Kliore, 1991). This oc-
curs because the charge-exchange reaction between CO+2 and neutral atomic oxygen,
which produces O+2 , is much faster than the loss of O
+
2 by dissociative recombination
(Schunk and Nagy, 2009). Consequently, O+2 is the most abundant ion species at the
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ionospheric peak.
The main photochemical processes at work in the region of greatest plasma density
are as follows (Schunk and Nagy, 2009):
CO2 + hν → CO+2 + e− (2.1)
CO+2 + O→ O+2 + CO (2.2)
O+2 + e
− → O + O (2.3)
At high altitudes (∼180 km and above), O+ becomes increasingly prevalent, caus-
ing a shift in the dominant chemical processes (Brace and Kliore, 1991). Figure 2.1
shows a typical electron density profile retrieved from observations of the dayside
ionosphere of Venus. The ionosphere of Venus exhibits clear maxima in the electron
density at approximately 127 and 140 km. The upper (V2) peak is produced mainly
by ionization due to solar extreme ultraviolet photons. The lower (V1) peak, on the
other hand, is produced by ionization due to solar X-ray photons as well as electron-
impact ionization. The dominant ion at both peaks is O+2 (Fox and Sung, 2001).
Below the V1 peak there exists a sporadic third layer (Pätzold et al., 2009).
A goal of planetary ionospheric studies is to understand how ionospheres change
in response to changing solar activity, which manifests itself as cyclical fluctuations
in solar ionizing irradiance and radio emissions, as well as changes in the frequency
of sunspots, solar flares, and coronal mass ejections. Central to this question is how
solar irradiance affects the electron densities throughout the dayside ionosphere.
Simple PCE theory describes how an idealized ionosphere behaves with changing
altitude, solar zenith angle, and incident solar flux (Schunk and Nagy, 2009). Based
on this theory, which employs a number of simplifying assumptions about the compo-
sition and thermal structure of the neutral atmosphere, as well as the incident solar
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Figure 2.1: A typical Venus dayside electron density profile from
Venus Express. This observation was made on July 6, 2012, at a solar
zenith angle of 36◦, latitude of 12.1◦, and longitude of 284.3◦. The
F10.7P value was 280 s.f.u. at Venus. See Section 2.3 for a discussion of
the solar irradiance proxy, F10.7P.
flux, the dayside ionosphere of Venus should respond uniformly to solar irradiance
variations at all altitudes (e.g. Fox and Kliore (1997)). However, reality is more
complex; Venus’s dayside ionosphere can be separated into distinct regions which
may respond differently to changing solar irradiance. The ionosphere can be divided
into two regions based on the dominant physical processes. Below ∼180 km is the
PCE region, in which plasma is generated by photoionization and electron-impact
ionization (Nagy et al., 1980). Above ∼180 km, transport processes dominate.
The effect of solar cycle variations on the V2 peak, the V1 peak, and the ionopause
has been explored using in situ and remote sensing data by Kliore and Mullen (1989),
Girazian et al. (2015), and Phillips et al. (1985), respectively, but the PCE region
above the main ionospheric peak exhibits interesting behavior as well. Taylor et al.
(1981) analyzed in situ measurements of O+, O+2 , C
+, and CO+2 densities between
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the altitudes of 180 and 220 km and found that the densities of these ions were
correlated with F10.7, indicating that solar irradiance has a discernible impact on the
conditions in the dayside ionosphere at these altitudes. Elphic et al. (1984) used in
situ electron density measurements from the Orbiter Electron Temperature Probe
aboard PVO to assess how the electron density in Venus’s ionosphere responds to
changing solar irradiance, for which they used the photoelectron current measured
by the Langmuir probe as a proxy. After normalizing the observed electron densities
to the empirical model of Theis et al. (1984) to remove the effects of changing solar
zenith angle, they divided the measurements into two altitude bins (above and below
160 km) and fit a power law to the data in each bin in order to quantify the response
of each altitude region to changing solar irradiance. The power-law index was larger
in the 160–200 km bin than in the ∼150–160 km bin — 0.89 and 0.33, respectively
— leading them to conclude that electron densities at high altitudes increased more
with increasing solar irradiance than those at low altitudes. In their review of the
solar cycle variations of Venus’s ionosphere, Fox and Kliore (1997) noted that in PVO
radio occultation observations the electron density at the V2 peak increased by 50%
from solar minimum to solar maximum, but increased by a factor of 10 at 300 km,
far above the PCE region (Kliore and Luhmann, 1991). More recently, Fox and Sung
(2001) found that the electron density in their numerical models increased by 50–
60% at the V2 peak and by a factor of four at 200 km from solar minimum to solar
maximum.
The VEX radio occultation data set, described further in Section 2.3, also clearly
demonstrates an altitude dependence of the electron density response to changing
solar irradiance, as shown in Figure 2.2. Figure 2.2 shows that the smallest response
to increasing solar irradiance occurs near the V2 peak at ∼140 km. The relative
increase in electron density is greater above and below the V2 peak than near the
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peak; at 140 km, the electron density increases ∼40%, while at 200 km it increases
∼260%. The cause of the marked increase in response with altitude between 140 and
180 km has not been fully explored.
Figure 2.2: Venus Express electron density profiles with solar zenith
angles between 60◦ and 65◦. Dark grey profiles are from times of low
solar irradiance while light grey profiles are from times of high solar
irradiance. F10.7P has been converted to Venus’s location (see Section
2.3). For approximate values at Earth, divide by (1/0.723)2 ≈ 2.
The aim of this chapter is to determine how the electron densities in Venus’s
dayside ionosphere at altitudes between the V2 peak at 140 km and the top of the
PCE region at ∼180 km respond to changes in solar irradiance. In Section 2.2, I
present the specific questions to be answered in this chapter. In Sections 2.3 and 2.4,
I specify the data used in this investigation and present the analysis of these data.
In Sections 2.5 and 2.6, I introduce the model used in this work and interpret the
output. Finally, in Section 2.7, I summarize the conclusions of this chapter.
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2.2 Specific Answerable Questions
This chapter aims to answer the following questions:
Q1. Do the electron densities of the ionospheres of Venus and Mars vary
with solar irradiance in the same way?
(a) At what altitudes and solar zenith angles do the electron densities in the iono-
sphere of Venus vary with solar irradiance as predicted by photochemical equilibrium
theory? At what altitudes and solar zenith angles do they depart from the predictions
of theory?
(b) Which of the following factors are important to how the ionosphere of Venus
responds to changing solar irradiance: the overall expansion of the neutral atmo-
sphere, changing neutral composition at a fixed pressure level, changing importance
of minor ions, or changes in the electron temperature?
2.3 Venus Express and Solar Irradiance Datasets
This work uses 217 dayside (here, SZA < 85◦) electron density profiles obtained by
analysis of data from Venus Express, which orbited Venus for nearly nine years from
April 2006 to January 2015 (Häusler et al., 2006). The VEX data set is the largest
Venus radio occultation data set to date, surpassing the PVO data set, which is
reported to contain 148 dayside profiles (Kliore and Luhmann, 1991; Withers et al.,
2020a). The VEX radio occultation data set encompasses the declining phase of
solar cycle 23, the deep solar minimum that persisted throughout the first half of
the mission, and the rise from solar minimum to solar maximum in 2014. The solar
irradiance proxy, described in detail in the following subsection, increased by a factor
of three over this time period. The set of dayside radio occultations spans SZA from
10◦ to 90◦. Examples of electron density profiles from this data set are shown in
Figures 2.1 and 2.2.
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Ground-based measurements of F10.7 are frequently used as a proxy for solar ion-
izing irradiance in ionospheric studies (e.g., Kliore and Mullen, 1989; Girazian, 2016).
Other common proxies are F10.7A (the running 81-day-average F10.7 value) and F10.7P
(the average of F10.7 and F10.7A). I elect to use F10.7P as the solar irradiance proxy,
which previous work (e.g., Mendillo et al., 2013) suggests is a better proxy for the
Sun’s ionizing irradiance than either F10.7 or F10.7A.
I assigned F10.7P values to each of the radio occultation profiles using measure-
ments from the Dominion Radio Astrophysical Observatory, which reports a daily
noontime F10.7 measurement corrected to 1 AU as well as monthly running averages
(https://ngdc.noaa.gov/stp/space-weather/solar-data/solar-features/solar-radio/
noontime-flux/penticton/).
Because Venus and Earth have different orbital distances and do not always face
the same side of the Sun, I adjusted the measured F10.7P values to Venus’s location
using the method described in Section 1.3.2 using the Venus–Sun distance and the
Earth–Sun–Venus angle from the JPL HORIZONS database (https://ssd.jpl.nasa.gov
/horizons.cgi). Figure 2.3 shows the F10.7P and SZA coverage of the 217 profiles used
in this work. This data set has excellent SZA coverage, spanning nearly all dayside
SZAs. At most dayside SZAs (≥30◦), the F10.7P values span a factor of two to three.
2.4 Analysis of Venus Express Radio Occultations
I first quantify the response of electron densities at altitudes between 125 and 180
km in Venus’s dayside ionosphere to changing solar irradiance. To do this, I test a
prediction of simple PCE theory, otherwise known as Chapman layer theory, that
the electron density is proportional to the incident ionizing irradiance raised to an
exponent k (Schunk and Nagy, 2009):




Figure 2.3: Solar zenith angle and F10.7P coverage of the VeRa day-
side radio occultation profiles. The F10.7P values have been shifted to
Venus’s position. Profiles with SZA greater than 85◦ were not used in
this study and are not shown here.
Simple PCE theory invokes several assumptions about a planet’s neutral atmosphere
and the incident ionizing flux. For example, the theory considers an atmosphere com-
posed of a single neutral species, the ionization of which results in a single molecular
ion species, which is then lost by dissociative recombination. The theory also assumes
that the neutral atmosphere is uniform across all SZA, and that the density at a ref-
erence altitude is insensitive to changing SZA or solar irradiance. This theory does
not consider additional neutral or ion species, solar-irradiance-dependent changes in
the neutral atmosphere, or changes to the electron temperature.
In the idealized case of this simple theory, the dayside ionosphere responds uni-
formly to changes in the incidence ionizing flux with the exponent in Equation 2.4
equal to 0.5 at all altitudes (Fox and Kliore, 1997). While simple PCE theory predicts
that k = 0.5, past studies of the main and lower peaks in the ionospheres of Venus
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and Mars (e.g. Kliore and Mullen (1989), Fox and Yeager (2009)) indicate that this is
not necessarily the case. Even at the main ionospheric peak, where the assumptions
of PCE theory are largely satisfied, the value of k strongly depends on the choice of
solar irradiance proxy (Girazian and Withers, 2013). Specifically, while F10.7P rises
and falls with the solar cycle in accordance with the Sun’s ionizing flux, the relation-
ship is not linear, resulting in a k value for the V2 peak that is less than the expected
0.5 (Kliore and Mullen, 1989). However, I am primarily concerned with the change
in the value of k relative to the value at the V2 peak rather than the absolute value.
Therefore, any proxy for the ionizing irradiance that has been shown to be useful for
ionospheric studies (e.g. F10.7, F10.7P) will be suitable for this investigation.
Due to the ease of using F10.7P compared to other solar irradiance proxies, I use
F10.7P, which is calculated from Earth-based F10.7 measurements, to determine the
value of k for altitudes between 125 km and the top of the photochemically controlled
region at ∼180 km (Kim et al., 1989). While several assumptions of simple PCE
theory are increasingly violated at high altitudes, the exponent k is still a valuable
metric for quantifying the response of the ionosphere to changes in solar irradiance.
Data scarcity near the subsolar point, as shown in Figure 2.3, limits the analysis
to SZA ≥ 30◦. At smaller SZA, the observations span only a 30% change in F10.7P ,
whereas at higher SZA they span a factor of three variation. For 5-degree-wide
bins centered on 30◦, 45◦, 60◦, and 75◦ SZA, I calculate the best-fit exponent k at
each altitude. I first linearize Ne = N0 F
k
10.7P and rewrite it as lnNe = lnN0 +
k lnF10.7P . I follow the fitting technique outlined in Girazian et al. (2015), in which
the measurement uncertainty for each electron density profile, which is far smaller
than the scatter in the data, provides the relative uncertainty for the least-squares
fitting. The overall magnitude of the error is then allowed to increase until the chi-
squared value equals one. Figure 2.4 shows the raw data and resultant best-fit lines
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for four altitude bins at one SZA.
Figure 2.4: VEX electron density measurements with SZA = 75◦±
2.5◦ for 140, 150, 160, and 180 km altitude (red, orange, blue, and grey,
respectively). The 170-km measurements have been omitted for clarity.
Altitude bins are 1 km high. The error bars indicate the 1-sigma error
for each measurement.
By fitting Equation 2.4 to all the data in each 1-km altitude and 5-degree SZA bin,
I obtain vertical profiles for the best-fit k value for four SZA bins. Since I am interested
in the behavior of the photochemically controlled region of the dayside ionosphere,
I perform the fits at altitudes between 125 km and the top of the photochemically
controlled region at 180 km.
Figure 2.5 shows the best-fit k values as a function of altitude for the SZA values
considered in this work. Near the main ionospheric peak at 140 km, the values of k
range from 0.39 ± 0.04 to 0.45 ± 0.12. This result is comparable to past studies of
Venus’s main ionospheric peak (Kliore and Mullen, 1989; Girazian, 2016), although
those studies used different solar irradiance proxies and corrected electron densities
from all SZAs to the subsolar point rather than analyzing individual SZA bins. Using
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PVO radio occultations and a combination of F10.7 and EUV spectra from Atmosphere
Explorer E, Kliore and Mullen (1989) found k = 0.376. More recently, Girazian
(2016) combined VEX radio occultations with various observed and calculated solar
irradiance proxies to derive k values between 0.28 ± 0.01 and 0.54 ± 0.05. While
not directly comparable, this new result fits comfortably within the range of previous
findings.
Figure 2.5: Best-fit exponent k as a function of altitude for VEX
profiles with SZA within 2.5◦ of 30◦, 45◦, 60◦, and 75◦ SZA. Horizontal
bars every 5 km represent the 1-sigma error.
Figure 2.5 shows that the value of k changes little between approximately 135
km and 150 km. This region represents the section of Venus’s ionosphere where the
assumptions of simple PCE theory, such as the presence of only one ion species,
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are largely satisfied. The sharp increase in k at altitudes below 130 km reflects
the increased importance of electron-impact ionization below the main peak. The
Sun’s X-ray flux exhibits more variation from low to high solar irradiance than longer
wavelengths (Girazian et al., 2015). Based on the F10.7P-averaged model of the solar
spectrum used in this work (see Section 2.5.1 and figures therein), the solar photon flux
increases by roughly 70% at 90 nm (the threshold wavelength for ionization of CO2)
from F10.7P = 65 s.f.u to F10.7P = 155 s.f.u., while the flux at 10 nm increases by more
than 300% over the same solar irradiance range. This effect is enhanced by an increase
in electron-impact ionization, since an increase in the flux of photons with higher
energies provides more energy to be imparted upon the resultant photoelectrons,
which can cause further ionization through electron-impact ionization. Thus, the
increasing value of k below 130 km reflects the fact that the source of ionization at
those altitudes undergoes larger increases for a given increase in F10.7P than altitudes
near and above the peak.
1. Changes in the importance of minor ions. Venus’s ionosphere is made up
of several ion species, the relative abundance of which is a function of altitude
(see Section 2.5.2 and figures therein). The presence of multiple ion species
isn’t accounted for in simple PCE theory, which describes the characteristics
of an ionosphere composed of one molecular ion species. A change in the ratio
of minor to major ion species — which may be either atomic or molecular ion
species with different dominant loss mechanisms which proceed at different rates
— may affect the ionosphere’s response to changing solar irradiance.
2. Changes in the electron temperature. The electron temperature directly
impacts the electron density by determining the rate of dissociative recombi-
nation of molecular ions, including the dominant ion species, O+2 (Schunk and
Nagy, 2009). Higher electron temperatures decrease the dissociative recombina-
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tion rate, which results in increased electron densities. Because of this, changes
in the electron temperature with solar irradiance have the potential to strongly
influence the response of the ionosphere to changing solar irradiance.
3. Changes in the underlying neutral atmosphere. The composition of
Venus’s neutral atmosphere is a function of altitude. CO2 is the dominant neu-
tral below ∼160 km, at which point O takes over as the most abundant (Hedin
et al., 1983). At a given altitude, the neutral composition is also a function of
solar irradiance, as a result of the changing neutral temperature which causes
the atmosphere to “puff up” at times of high solar irradiance. Because the iono-
sphere is embedded within the neutral atmosphere, this large-scale inflation of
the neutral atmosphere has direct consequences for the ionosphere.
In order to investigate which of the above three factors determines how Venus’s
ionosphere responds to changing solar irradiance, I use a one-dimensional PCE model
to calculate the ion and electron densities in Venus’s ionosphere under a broad range
of solar irradiances.
2.5 Photochemical Model Output and Comparison to Obser-
vations
This model was adapted from the Boston University Mars Ionosphere Model (Fallows
et al., 2015b) and translated to Venus by Girazian (2016). Here I briefly describe the
components of the model and demonstrate the model’s performance.
2.5.1 Solar Spectrum
The ionizing irradiance is derived from EUV and X-ray solar spectra obtained by
the Solar EUV Experiment (SEE) aboard the Thermosphere Ionosphere Mesosphere
Energetics and Dynamics (TIMED) spacecraft. Nearly 3,000 solar EUV and X-ray
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spectra from TIMED-SEE were used to generate average solar spectra at 1 AU for
F10.7P values between 65 and 155 s.f.u. in increments of 10 s.f.u. This process is
described in greater detail in Girazian and Withers (2015). Model solar spectra for
low, medium, and high solar irradiance are shown in Figure 2.6. Solar irradiance is





, where d is the
Venus–Sun distance in AU.
Figure 2.6: Model solar spectra for three levels of solar irradiance.
Fluxes shown are for a distance of 1 AU. Increased variability at shorter
wavelengths is apparent.
2.5.2 Neutral Atmosphere
The underlying neutral atmosphere is the VTS3 model from Hedin et al. (1983).
It is an empirical model based on in situ measurements of the neutral composition
and temperature taken by the Orbiter Neutral Mass Spectrometer (ONMS) aboard
Pioneer Venus Orbiter (PVO) between December 23, 1978, and August 16, 1980.
To reconcile the difference in bulk atmospheric density between the PVO ONMS
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data and the PV entry probes, the VTS3 model includes a multiplicative correction
factor of 1.63 for all neutral species. The VTS3 model gives neutral densities for
six atmospheric species — CO2, O, N, CO, N2, and He — as well as the neutral
temperature. These parameters are given as a function of altitude, latitude, local
solar time, and solar irradiance. The VTS3 model represents long- and short-term
variations in solar irradiance by utilizing both a one-day value of F10.7 as well as the 81-
day average value, F10.7A, which are averaged to yield F10.7P. In this implementation
of the model, I assume that F10.7 and its 81-day average are equal, which allows us
to use the F10.7P-averaged solar spectra described in Section 2.5.1.
The VTS3 model is adjusted from the published version in the following ways:
First, it is translated from the original FORTRAN to IDL. Second, NO, the density
of which is based on model calculations by Fox and Sung (2001), is added (Girazian,
2016). Third, the N densities, which in the VTS3 model are derived from calcula-
tions by Rusch and Cravens (1979), are adjusted to be more consistent with model
calculations by Fox and Sung (2001).
Finally, in agreement with previous modeling efforts (e.g., Cravens et al. (1981)),
I find that the use of the VTS3 neutral atmosphere in the ionospheric model leads
to incorrect predictions of the V2 peak altitude. Similar to Cravens et al. (1981),
I used a SZA-dependent neutral atmosphere correction to reproduce observed V2
peak altitudes. Here, I have scaled the VTS3 neutral atmosphere so that the peak
altitude for each model electron density profile is equal to the average observed V2
peak altitude of 141 km (Girazian, 2016). The multiplicative factor varies with both
SZA and solar irradiance. Figure 2.7 shows an example of vertical neutral density
profiles used.
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Figure 2.7: Sample model neutral atmosphere for SZA = 30◦ and
F10.7P = 65 s.f.u.
2.5.3 Photochemistry
The photochemical scheme used by this model is laid out in Table 2.1. All reaction
rates are taken from Schunk and Nagy (2009). Because there are no electron tempera-
ture measurements below 150 km, I adopt the electron temperature model developed
by Cravens et al. (1980), which has been used in previous Venus ionosphere models
such as Fox and Sung (2001).
Absorption and ionization cross sections for all species were taken from the PHoto
Ionization/Dissociation RATES (PHIDRATES; http://phidrates.space.swri.edu)
database. Because the PHIDRATES cross sections do not have the same wavelength
resolution as the TIMED-SEE spectra, the cross sections have been averaged to match
the 1-nm bins of the solar spectra.
This model accounts for electron-impact ionization via the W-value method. This
technique assumes that after a photon ionizes an atom or molecule, any energy that
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Table 2.1: List of photochemical reactions
Reaction Rate Coefficient (cm3 s−1)
CO+2 + O→ O+ + CO2 k1 = 9.6 × 10−11
CO+2 + O→ O+2 + CO k2 = 1.6 × 10−10
CO+2 + NO→ NO+ + CO2 k3 = 1.2 × 10−10
N+2 + CO2 → NO+ + CO2 k4 = 8.0 × 10−10
N+2 + O→ O+ + N2 k5 = 9.8 × 10−12
N+2 + O→ NO+ + N k6 = 1.3 × 10−10
N+2 + NO→ NO+ + N2 k7 = 4.1 × 10−10
O+ + NO→ NO+ + O k8 = 8.0 × 10−13
O+ + N2 → NO+ + N k9 = 1.2 × 10−12
O+ + CO2 → O+2 + CO k10 = 1.1 × 10−9
O+2 + NO→ NO+ + O2 k11 = 4.6 × 10−10
O+2 + N→ NO+ + O k12 = 1.5 × 10−10
O+2 + e
− → O + O α1 = 2.4 × 10−7 (300KTe )
0.70
CO+2 + e
− → CO + O α2 = 4.2 × 10−7 (300KTe )
0.75
N+2 + e
− → N + N α3 = 2.2 × 10−7 (300KTe )
0.39
NO+ + e− → N + O α4 = 4.0 × 10−7 (300KTe )
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remains is used for electron-impact ionization. The “W-value” — the average amount
of energy needed for each electron-impact ionization — depends upon the composition
of the atmosphere and varies from planet to planet. For Venus, this value is 28.7 eV
(Wedlund et al., 2011). Accurate parameterization of electron-impact ionization is
especially important at low altitudes, where soft X-ray photons with energies greatly
exceeding the ionization threshold of CO2 are absorbed.
2.5.4 Electron Density Profiles
I obtain model electron density profiles for SZA values of 0◦, 15◦, 30◦, 45◦, 60◦, and
75◦. For each SZA value, I run the model with F10.7P equal to 65, 75, 85, 95, 105,
115, 125, 135, 145, and 155 s.f.u. (values given at 1 AU; multiply by 1/0.7232 ≈
2 for approximate values at Venus). The resulting set of 60 model electron density
profiles encompasses the dayside VEX radio occultation data set, with the exception
of profiles near the limb.
At and above 180 km, transport processes become important and the assumption
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of PCE is no longer valid (Kim et al., 1989). Thus the model profiles are usable
between the base of the neutral atmosphere model at 100 km and the limit of PCE
at ∼180 km. Figure 2.8 shows the model output for low solar irradiance.
Figure 2.8: Model ion and electron densities for F10.7P = 65 s.f.u. and
SZA = 30◦.
Figure 2.9 compares a subset of the VEX data to the corresponding model profiles.
It shows all VEX profiles within 2.5◦ of 15◦, 45◦, and 75◦ SZA. Model profiles at these
solar zenith angles are shown only if their F10.7P value is within the range spanned by
the set of corresponding VEX profiles. For example, there are no observations with
F10.7P > 95 s.f.u. with SZA = 15
◦ ± 2.5◦, so the model profiles with F10.7P ≥ 95 s.f.u.
are not shown. Qualitatively, the agreement between observations and model output
appears good between 135 km and 180 km. To assess the agreement quantitatively,
I consider the average of all observed profiles in a panel and the average of all model
profile in that panel. The average model profiles are within 20% of the average data
profiles for all altitudes between 135 and 180 km, with the exception of the SZA =
75◦ case, for which the model–data difference exceeds 20% from 170 to 180 km. This
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performance compares favorably to other models of Venus’s ionosphere that have been
compared to data, such as Ambili et al. (2019), Peter et al. (2014), Kim et al. (1989),
Cravens et al. (1981), and Nagy et al. (1980).
Figure 2.9: Data–model comparison for three SZA values. Model pro-
files (red) for a given SZA value are compared to VEX profiles (black)
with SZA values within 2.5◦ of the model value. Since the observations
near 15◦ are from a period of low solar irradiance, the high solar irra-
diance model profiles are not shown in the first panel. Note the change
in the horizontal axis in the rightmost panel.
In order to compare how the observed and modeled electron densities change in
response to changing solar irradiance, I repeat the analysis outlined in Section 2.4 and
determine the best-fit value of k as a function of altitude for the model profiles. Figure
2.10 shows raw data and model values for four altitude bins at one SZA, while Figure
2.11 compares k vs z profiles for four SZA values. The model broadly reproduces
the observed k vs z behavior; k reaches a minimum near the V2 peak and increases
steadily above the peak. The values of k that are derived from models show little
dependence on SZA, while the values of k that are derived from observations show
appreciable scatter, particularly at 160–180 km. Given the error bars, however, the
observationally-derived values of k could be consistent with no dependence of k on
SZA. These results demonstrate that physics-based models of the ionosphere of Venus
55
adequately reproduce the observed behavior of how ionospheric electron densities at
135–180 km depend on solar irradiance and altitude. In the remaining sections of this
chapter, I investigate the underlying reasons why these trends exist in observations
and models.
Figure 2.10: Comparison of VEX electron density measurements
(filled circles) to model electron densities (open circles) with SZA =
75◦ ± 2.5◦ for 140, 150, 160, and 180 km (red, orange, blue, and grey,
respectively). The 170-km measurements and models are omitted for
clarity. Altitude bins are 1 km high. The error bars indicate the 1-
sigma error for each VEX measurement. Best-fit k values are noted on
the right, for both data (bold text) and models (regular text).
2.6 Analytic Model Development and Interpretation
The above sections have demonstrated that the full PCE model adequately reproduces
the observed changes in ionospheric electron density with solar irradiance and altitude.
I turn now to deconstructing the full PCE model in order to develop understanding
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Figure 2.11: Comparison of best-fit k values for data (solid lines) and
models (dashed lines). The SZA = 0◦ model result has been omitted
since there is no data at that SZA to compare to. The SZA = 15◦model
and data results have been omitted since there is insufficient F10.7P
coverage at that SZA. Horizontal bars every 5 km represent the 1-sigma
error. Note that there is significant overlap between the 30◦, 45◦, and
60◦ model curves between 140 and 170 km.
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of why these trends occur. I pared the full PCE model down to its most important
components to develop a simple, analytic expression for how the electron density
varies as a function of atmospheric parameters. Developing a simple, analytic model is
important because it allows us to isolate the components that have the most influence
on the resultant electron density and manipulate them directly. This simplified model
will allow us to directly investigate the impact of minor species, changing electron
temperatures, and changing neutral atmosphere.
I accomplished this by eliminating all but the most important chemical reactions
in Table 2.1. I first calculated the production and loss rates using the Hedin et al.
(1983) neutral densities, reaction rate coefficients from Table 2.1, and the modeled
ion and electron densities as inputs. Starting with O+, O+2 , and CO
+
2 , I calculated
the reaction rate at 150, 160, 170, and 180 km for each of the reactions listed in Table
2.1. If a production or loss rate for a given reaction was substantially slower than the
other production or loss rates for that species, it was eliminated. In almost all cases,
the production and loss rates for reactions involving N, NO, and N2 or their ions were
at least an order of magnitude slower than those without. As a result, all reactions
involving N, NO, and N2 were eliminated, reducing the 16 equations in Table 2.1 to
just five. In addition to the photoionization of CO2 and O, the relevant reactions are
as follows:
O+ + CO2 → O+2 + CO (2.5)
CO+2 + O→ O+2 + CO (2.6)
CO+2 + O→ O+ + CO2 (2.7)
O+2 + e
− → O + O (2.8)
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CO+2 + e
− → CO + O (2.9)
Assuming PCE (i.e., the ion production rate is equal to the loss rate for each
ion species and the sum of the ion densities is equal to the electron density), we can
generate expressions for the densities of each ion species, shown in Equations 2.10,
2.11, and 2.12.
















































Quantities in square brackets are number densities, e.g., [O] is the number density
of neutral atomic oxygen. k1, k2, k10, α1, and α2 are rate coefficients, the values
of which are given in Table 2.2. σCO2(λ) and σO(λ) are the wavelength-dependent
ionization cross sections of CO2 and O, respectively. F(λ) is the ionizing flux. ηCO2
and ηO are the multiplicative factors accounting for electron-impact ionization of CO2
and O, respectively.




= [e−] (Knudsen et al., 1979; Taylor et al., 1979,
1980) and solving this system of equations yields a cubic expression that depends on
the neutral atomic oxygen and carbon dioxide densities, the O+2 and CO
+
2 recombi-
nation rate coefficients, and the ion–neutral rate coefficients, and can be solved for
the electron density:
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Table 2.2: Simplified list of photochemical reactions
Reaction Rate Coefficient (cm3 s−1)
CO+2 + O→ O+ + CO2 k1 = 9.6 × 10−11
CO+2 + O→ O+2 + CO k2 = 1.6 × 10−10
O+ + CO2 → O+2 + CO k10 = 1.1 × 10−9
O+2 + e
− → O + O α1 = 2.4 × 10−7 (300KTe )
0.70
CO+2 + e
− → CO + O α2 = 4.2 × 10−7 (300KTe )
0.75
Reaction Rate (cm−3 s−1)
CO2 + hν → CO+2 + e− [CO2]
∑
σCO2(λ)F(λ)




























[O] (k1 + k2) = 0
Retaining the [e−]2 and [e−]0 terms in Equation 2.13, the absolute magnitudes of
which are typically one to two orders of magnitude larger than the remaining two






Here, PO+ and PCO+2 are the production rates for O
+ and CO+2 , respectively.
These quantities are given by the combined photoproduction and electron-impact





σCO2(λ)F(λ), in which the sums are calculated from λ = 0.5 nm to the
longest wavelength capable of ionizing the neutral species. Electron-impact ionization
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is accounted for by adding a multiplicative factor to the photoproduction rate. The
electron-impact ionization rate is nearly constant at altitudes where little attenuation
of the solar flux occurs (>150 km), so while the inclusion of electron-impact ionization
affects the calculated electron densities, it does not affect the resultant value of k. α1
is the dissociative recombination rate coefficient of O+2 . This expression approximates
the ionosphere as one in which neutral O and CO2 are photoionized to yield O
+ and
CO+2 , which are then entirely and instantaneously converted to O
+
2 by ion–neutral
reactions. The O+2 ions are then lost by dissociative recombination.
For simplicity, the model formulation does not include attenuation of the solar
flux by absorption, as most altitudes of interest are in the optically thin regime where
absorption is negligible. Figure 2.12 shows an example of the output of the full PCE
model compared to the simplified model. The electron densities calculated using
the analytic model are within 15% of the full PCE model densities at all altitudes
between 155 and 180 km. Above 170 km, the analytic model electron densities tend
to be slightly smaller than the full model electron densities. This is a result of
the simplified photochemical scheme, in which the long-lived atomic oxygen ions
are essentially converted into molecular oxygen ions, which are quickly lost through
dissociative recombination. The discrepancy at lower altitudes is due to the lack of
attenuation of the solar irradiance in the analytic model.
Figure 2.13 compares the best-fit exponent k as a function of altitude for the VEX
data and the simplified analytic model. Comparison of Figure 2.11 and Figure 2.13
shows that high-altitude values of k are the same for the full PCE model and the
simplified analytic model, as suggested by Figure 2.12. Even though modeled electron
densities at low altitudes differ between the full PCE model and the simplified analytic
model due to the simplifying omission of attenuation (Figure 2.12), the corresponding
values of k are reasonably similar. Moreover, Figure 2.13 shows that values of k found
61
Figure 2.12: A comparison of electron densities from the full 1-D PCE
model, the simplified cubic model, and the simplified analytic model.
Profiles are shown for F10.7P = 65 s.f.u and SZA = 30
◦.
from observations and from the simplified analytic model are in reasonable agreement.
This demonstrates that the simplified analytic model is an appropriate tool to use
to investigate why the observations (and the full PCE model) respond to changes in
solar irradiance in the manner discussed in the previous sections.
Using this simplified analytic model, I can assess the impact that minor ions,
electron temperature changes, and neutral atmosphere changes have on the behavior
of Venus’s ionosphere with changing solar irradiance.
In this section I address the three hypotheses for the increase in k with altitude
that are laid out in Section 2.4.
2.6.1 Importance of Minor Ions
In addition to the major ions (O+, O+2 , and CO
+
2 ), Venus’s ionosphere contains small
amounts of N+2 and NO
+, as shown in Figure 2.8. At 150 km, these two species make
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Figure 2.13: Comparison of best-fit k values for data (solid lines)
and simplified analytic models (dashed lines). Horizontal bars every 5
km represent the 1-sigma error. Note that there is significant overlap
between models.
up approximately 2% of the total ion concentration. At the upper limit of the PCE
model, 180 km, the contribution from the minor ion species increases to approximately
4%. This small proportion of minor ions does have the potential to change the
behavior of the ionosphere, as outlined in Section 2.4. However, the simplified analytic
model including only the three major ions does an excellent job of reproducing the
behavior of the full model without the inclusion of these minor species. On these
grounds I exclude the contribution of minor ions as a main contributor to the increase
in the response of electron densities in Venus’s ionosphere with altitude above the
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main peak.
2.6.2 Changes in the Electron Temperature
The question of how electron temperatures in Venus’s ionosphere vary with solar ir-
radiance has been investigated by Elphic et al. (1984), Kliore and Mullen (1989),
and Brace and Theis (1996). Elphic et al. (1984) used in situ observations from PVO
during solar maximum and an empirical model of electron temperatures and densities
in Venus’s ionosphere by Theis et al. (1984) to show that while the electron densities
between 150 and 200 km vary considerably with changing solar irradiance, electron
temperatures in the same altitude range remain roughly constant. Kliore and Mullen
(1989) used the Venus International Reference Atmosphere (VIRA) and theoretical
predictions for the production of CO+2 to explore the response of the electron tem-
perature to changing solar irradiance. Using this method, which employs a number
of assumptions about conditions in the atmosphere near the ionospheric peak, they
found that the electron temperature did increase with increasing solar irradiance —
by 25% at the main peak and by 50-75% at altitudes above 200 km. In response to
this finding, Brace and Theis (1996) expanded their analysis to include solar mini-
mum pre-entry measurements by PVO. Using these in situ measurements, they found
that the solar minimum electron temperatures in the ionosphere were essentially the
same as those given in the Theis et al. (1984) empirical model, which draws from solar
maximum measurements, refuting the findings of Kliore and Mullen (1989). Brace
and Theis (1996) noted that this behavior is similar to Earth’s ionosphere, in which
increased electron densities at solar maximum result in higher electron collision and
cooling rates, as found in Brace and Theis (1984).
Previous Venus ionosphere models (e.g., Fox and Sung (2001)) have used electron
temperature profiles that vary with altitude but not solar irradiance. Similarly, I
find no need to vary the electron temperature with solar irradiance to reproduce the
64
observed changes in the electron density with increasing solar irradiance. In order to
reproduce the observed increase in response with increasing altitude above the peak,
not only would the electron temperatures need to increase with solar irradiance at all
altitudes, the increase in electron temperature would also need to be larger at high
altitudes. This is not supported by analysis of the available in situ data (e.g., Brace
and Theis (1996)).
2.6.3 Changes in the Neutral Atmosphere
The compositions of the neutral atmosphere and ionosphere of Venus are related, as
illustrated in Figures 2.7 and 2.8. At 140 km, the dominant neutral is CO2 (>80%)
and the dominant ion is O+2 (>90%) (Niemann et al., 1979, 1980; Hedin et al., 1983;
Knudsen et al., 1979; Taylor et al., 1979, 1980). As outlined in Section 2.1, this
ionospheric composition arises from the rapid charge-exchange reaction of photo-
produced CO+2 ions with small amounts of neutral atomic oxygen (<5%), which
forms O+2 ions. At 180 km, the dominant neutral is atomic oxygen (>65%) and the
CO2 abundance is on the order of 10%. Yet the dominant ion remains O
+
2 . Here
this ionospheric composition arises from the rapid charge-exchange reaction of photo-
produced O+ ions with small amounts of neutral oxygen-bearing molecules (CO and
CO2) which forms O
+
2 ions.
These points suggest that two end-member cases of the simplified analytic model
could be illuminating. In the first end-member, the neutral atmosphere is composed
only of CO2 and trace amounts of O. Production of ions by photoionization and
electron-impact ionization produces only CO+2 ions. Trace amounts of neutral atomic
oxygen are sufficient to permit the rapid conversion of CO+2 ions into O
+
2 ions by
charge exchange reactions, but are otherwise negligible. This CO2 end-member is
directly applicable at low altitudes. In the second end-member, conditions in the
neutral atmosphere are reversed such that the neutral atmosphere is composed only
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of O and trace amounts of CO2. Production of ions by photoionization and electron-
impact ionization produces only O+ ions. Trace amounts of neutral carbon dioxide are
sufficient to permit the rapid conversion of O+ ions into O+2 ions by charge exchange
reactions, but are otherwise negligible. This O end-member is directly applicable at
high altitudes.











These two end-members represent the low- and high-altitude thermosphere of
Venus, respectively. Production rates in these equations were calculated using the
same inputs as the full PCE model, as described in Section 2.5. Figure 2.14 shows
the behavior of the single-component atmospheres compared to the full atmosphere
model and the data. It shows that, for each of the single-component atmospheres,
the value of k increases steadily with increasing altitude. This behavior has a natural
explanation. As solar irradiance increases, the neutral temperature in the thermo-
sphere increases as well (Keating and Bougher, 1987). This causes an increase in the
neutral scale height, which results in increased neutral densities at higher altitudes.
An example for CO2 is shown in Figure 2.15. As the neutral temperature increases
(by 10%, in this case), the CO2 density increases as well, and the highest percentage
increase occurs at high altitudes.
Because ion production rates in the optically-thin regime are directly proportional
to neutral density, the increase in the neutral scale height also causes the greatest
percentage increase in electron density at high altitudes, which leads to an increase in
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the value of k, even for an atmosphere that is dominated by a single neutral species.
Figure 2.14: Comparison of k values as a function of altitude for the
VEX observations (blue, orange, grey, and red solid lines), simplified
analytic model (solid black line), and end-member models (dotted and
dashed black lines). For clarity, only models with SZA = 45◦ are shown.
Returning to Figure 2.14, the behavior of k for the simplified analytic model,
which was found in Figure 2.13 to adequately represent observations, is intermediate
between the behavior of the two end-member cases. Furthermore, the behavior of the
simplified analytic model is close to the behavior of the CO2 end-member case at low
altitudes where CO2 is the dominant neutral species, but close to the behavior of the
O end-member case at high altitudes where O is the dominant neutral species.
Thus the changes observed in Venus’s atmosphere are reflective of a neutral com-
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Figure 2.15: Demonstration of how the neutral CO2 density changes
as the neutral atmosphere heats up. The lines shown here represent
an idealized atmosphere in which the CO2 density falls off purely ex-
ponentially with altitude. From the black line to the red line there is a
10% increase in the neutral temperature.
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position that changes with both altitude and solar irradiance. Specifically, the be-
havior of Venus’s ionosphere at and below the altitude of maximum electron density,
where atomic oxygen makes up less than 5% of the neutral atmosphere, closely mim-
ics the behavior of an atmosphere dominated by CO2. As atomic oxygen becomes
increasingly abundant at altitudes above the main ionospheric peak, the response of
the ionosphere at those altitudes shifts to approach the behavior of an atmosphere
dominated by atomic oxygen.
2.7 Summary and Conclusions
Electron densities at altitudes above Venus’s main ionospheric peak vary dramatically
with changes in solar irradiance. Previous studies such as Elphic et al. (1984) and
Fox and Sung (2001) noted that the electron densities in this region reacted more
strongly to changes in solar irradiance at higher altitudes than lower altitudes. Using
217 dayside radio occultation profiles from Venus Express, I confirm the qualitative
findings of previous work. I also quantified the level of response of electron densities
in Venus’s ionosphere to changes in solar irradiance. To do this, I tested a prediction
of PCE theory, previously confirmed at the V2 and V1 peaks, that electron densities
follow the relation Ne ∝ F k. I calculated the best-fit value of k in 1-km bins from
125 to 180 km and found that the value of k increases from the V2 peak at 140 km
to the top of the PCE region at 180 km (e.g., from 0.40 ± 0.02 to 0.69 ± 0.11 for
profiles with SZA = 30◦ ± 2.5◦).
I found that a one-dimensional PCE model was able to adequately reproduce these
observed trends in the response of ionospheric electron density to changes in solar
irradiance. In order to investigate the underlying causes of this marked increase, I
deconstructed this model to assess the impact of changes in the electron temperature,
importance of minor ion species, and the neutral atmosphere. I found that changes
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in the neutral atmosphere are responsible for the observed increase in response of
the electron densities with increasing altitude. Specifically, the observed increase
in electron density response to changing solar irradiance with increasing altitude
above the peak can be linked to changes to the neutral scale height and resultant
changes to the neutral composition. I use end-member representations of Venus’s
ionosphere generated by photoionization of only a single neutral species to illustrate
this point. With only carbon dioxide or atomic oxygen present — the limiting cases
of the low- and high-altitude ionosphere of Venus, respectively — the calculated value
of k still increases with altitude. This is due to the fact that increased solar EUV
radiation increases the neutral temperature, which in turn increases the neutral scale
height. An increase in the scale height for a given neutral species causes its density to
increase, with the largest increases seen at higher altitudes. Because the ionosphere
is embedded in the neutral atmosphere, this large-scale “puffing up” of the neutral
atmosphere has direct consequences for the ionosphere. This fact alone is enough to
explain the increase in the value of k above the altitude of peak density in Venus’s
ionosphere, but does not explain the particular shape of the k -curve. The shape of the
curve reflects the changing composition of the neutral atmosphere, which transitions




Dependence of Dayside Electron Densities
at Mars on Solar Irradiance and
Comparisons to Venus
3.1 Introduction
Mars and Venus have CO2-dominated atmospheres and lack global magnetic fields,
but differ greatly in the magnitude of their surface gravity, atmospheric density, and
incident solar radiation. These similarities and differences are reflected in their iono-
spheres; in their densest regions, their ionospheres are dominated by O+2 , which results
from the rapid charge-exchange reaction between photoproduced CO+2 with the small
fraction of available O. However, their atmospheric scale heights differ by a factor of
two and their peak electron densities differ by an order of magnitude and show differ-
ent dependencies on SZA (e.g., Bougher, 1995; Fox and Yeager, 2009; Girazian et al.,
2015) and solar irradiance (e.g., Kliore and Mullen, 1989; Breus et al., 2004; Zou et al.,
2006; Girazian et al., 2015). To what extent these similarities and differences trans-
late to their ionospheric responses to changing solar activity has not yet been fully
determined. In particular, one topic that has not yet been addressed fully is how the
two planets’ ionospheres respond to changing solar irradiance at altitudes other than
the ionospheric peak and what underlying factors are responsible for the observed
behavior. Studying how planetary ionospheres respond to changes in solar irradiance
is important for understanding how space weather affects planetary environments.
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Namely, ionospheric changes in response to changing solar irradiance are important
because planetary ionospheres supply plasma that can be lost to space through in-
teractions with the solar wind, leading to atmospheric evolution over long timescales
(e.g., Ma and Nagy, 2007; Brain et al., 2017). Understanding how planetary iono-
spheres respond to solar changes on short timescales can increase our understanding
of how they react to solar changes on longer timescales. A comparison of the behavior
of the ionospheres of Mars and Venus is valuable because it can help untangle what
features are common to all planetary atmospheres and which are unique to individual
planets.
Mars’s ionosphere has been under observation for decades. Past and present mis-
sions to Mars have provided a wealth of radio occultation, in situ, and radar data.
The Mars Atmosphere and Volatile Evolution (MAVEN) spacecraft, currently in orbit
around Mars, has enabled in-depth studies of nearly every facet of Mars’s ionosphere.
The earliest insights into Mars’s ionosphere came from radio occultation experiments,
starting with Mariner 4 in 1964, which showed a variable dayside ionosphere with two
peaks around 120 and 100 km (e.g., Kliore et al., 1965; Hogan et al., 1972). Cou-
pled with ultraviolet spectrometer observations that revealed an atmosphere rich in
CO2, early modeling attempts found the dominant ion in Mars’s ionosphere to be
O+2 rather than the expected CO
+
2 due to the rapid interaction of CO
+
2 with neutral
atomic oxygen (Stewart, 1972).
In situ observations by the Viking landers in 1976 confirmed that O+2 is the domi-
nant ion in Mars’s ionosphere and yielded the first measurements of ion and electron
temperatures (Hanson et al., 1977; Hanson and Mantas, 1988). The Viking missions
also returned over a hundred radio occultations, from which the properties of Mars’s
ionospheric peaks were derived. A typical electron density profile of Mars’s ionosphere
is shown in Figure 3.1. Fits to Viking data revealed two peaks — the M1 (lower) and
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M2 (upper) peaks — occurring at roughly 109 and 125 km, respectively, at the sub-
solar point (Fox and Weber, 2012). Analyses of these observations showed that peak
altitudes and peak densities in Mars’s dayside ionosphere change with SZA according
to the predictions of simple PCE theory (Zhang et al., 1990). Analyses performed
on later Mars data sets (e.g., Mars Global Surveyor) confirmed this initial impression
that Mars’s ionospheric peak densities vary with SZA in a prescribed manner (Fox
and Yeager, 2006, 2009; Fallows et al., 2015a).
Figure 3.1: A typical electron density profile from Mars Global Sur-
veyor. The thick black line shows the observed densities. The thin
grey lines show the 1-sigma uncertainties in the measurements. This
profile was obtained on 10 January 2001 at SZA=77.9◦, Ls=101.2
◦,
latitude=73.2◦ N, longitude=155.9◦ E, and LST=2.84 h.
PCE theory also makes predictions about how the electron densities in a planet’s
ionosphere will react to changing solar irradiance. In its simplest form, PCE the-
ory states that the electron density, Ne, will vary with the solar irradiance, F, as
Ne = Ne,0 F
k (Schunk and Nagy, 2009). In PCE theory, the ion production rate
is proportional to the ionizing irradiance, F. These ions are lost by dissociative re-
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combination, the rate of which is proportional to the square of the electron density.
Thus, the value of the exponent, k, is predicted to be 0.5, suggesting that the electron
densities in a planet’s ionosphere respond uniformly at all altitudes.
This chapter will expand upon the work performed in previous studies that tested
this prediction at Mars’s main (M2) ionospheric peak (e.g., Hantsch and Bauer, 1990;
Breus et al., 2004; Withers and Mendillo, 2005; Zou et al., 2006; Morgan et al.,
2008; Fox and Yeager, 2009; Němec et al., 2011; Girazian, 2016). These studies
derived wide-ranging k values with an average of 0.33. A detailed analysis of solar
irradiance proxies by Girazian and Withers (2013) and Girazian (2016) suggests that
the departure of these results from the expected value of 0.5 is due to the choice of
proxy; their analysis revealed that Mars’s ionospheric peak is likely in or nearly in
PCE.
The goal of this chapter is to quantify the response of Mars’s dayside ionosphere
to changes in incident solar radiation and compare those changes to what is observed
at Venus and detailed in Chapter 2. In this chapter I closely analyze the dayside
ionosphere of Mars at one SZA and make comparisons to Venus at similar SZA.
I focus on the underlying factors that control the electron density in the dayside
ionosphere of Mars and pay closest attention to altitudes above the main ionospheric
peak, a region which has not yet been studied fully.
In Section 3.2, I present the specific questions to be answered in this chapter. In
Sections 3.3 and 3.4, I introduce the electron density and solar irradiance data sets
used in this work and present an initial analysis of these data. In Sections 3.5 and
3.6, I outline the photochemical equilibrium model used to interpret the results of the
analysis in the previous section, demonstrate the model’s performance, and interpret
the modeling results. In Section 3.7, I compare the results of this chapter to those of
the previous chapter. Finally, Section 3.8 presents the conclusions of this research.
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3.2 Specific Answerable Questions
This chapter aims to answer the following questions:
Q1. Do the electron densities of the ionospheres of Venus and Mars vary
with solar irradiance in the same way?
(c) At what altitudes and solar zenith angles do the electron densities in the iono-
sphere of Mars vary with solar irradiance as predicted by photochemical equilibrium
theory? At what altitudes and solar zenith angles do they depart from the predictions
of theory?
(d) Are these altitudes and solar zenith angles the same as or different from those
at Venus?
(e) Which of the following factors are important to how the ionosphere of Mars re-
sponds to changing solar irradiance: the overall expansion of the neutral atmosphere,
changing neutral composition at a fixed pressure level, changing importance of minor
ions, or changes in the electron temperature?
(f) Are these factors the same as or different from those at Venus?
3.3 Data
3.3.1 Electron Density Profiles
I analyzed vertical electron density profiles from the Radio Science (RS) instrument
on MGS, which orbited Mars from 1997 to 2007. In total, 5,600 MGS electron density
profiles are available on the Planetary Data System (https://pds.nasa.gov/dsview/
pds/viewProfile.jsp?dsid=MGS-M-RSS-5-EDS-V1.0). All 5,600 profiles have SZA be-
tween 71.0 and 89.2◦. 5,380 profiles are at latitudes 60.6-85.5◦ N and the remaining
220 profiles are at latitudes 64.6-69.1◦ S.
75
3.3.2 Solar Irradiance Proxy
One such proxy is the Sun’s flux at 10.7 cm, usually referred to as F10.7, usually
reported in solar flux units (s.f.u.; 1 s.f.u. = 10−22 W m−2 Hz−1). Although 10.7-
cm photons are not energetic enough to ionize ionospheric species, the Sun’s flux
at 10.7 cm is correlated with higher energy fluxes (Tobiska, 2001; Tapping, 2013).
Though F10.7 is an imperfect solar irradiance proxy, Němec et al. (2019) found that the
correlation coefficient between Mars Atmosphere and Volatile Evolution (MAVEN)
Extreme Ultraviolet Monitor (EUVM) measurements of the Sun’s flux and Earth-
based F10.7 measurements (translated to Mars’s position using the process described
below) was 0.96, indicating that, on average, F10.7 describes the Sun’s ionizing flux
well. This work uses a slightly different solar irradiance proxy: the F10.7P index.
F10.7P is the average of F10.7 (the Sun’s flux measured at 10.7 cm) and F10.7A (the
three-solar-rotations averaged F10.7). Previous work by Mendillo et al. (2013) showed
that F10.7P is a better solar irradiance proxy than F10.7 or F10.7A.
Specifically, I used F10.7 measurements from the Dominion Radio Astrophysical
Observatory, which reports a daily noontime measurement that has been corrected
to 1 AU (https://ngdc.noaa.gov/stp/space-weather/solar-data/solar-features/solar-
radio/noontime-flux/penticton/). F10.7P can be calculated from daily F10.7 measure-
ments by first determining the three-solar-rotations averaged F10.7 value and then
taking the average of the daily and three-solar-rotations averaged values.
The value of F10.7P measured at Earth usually cannot be applied directly to an-
other planet. As the planets orbit the Sun, they face different sides of the Sun on a
given day unless they happen to be closely aligned. To correct for this, I obtained the
Earth-Sun-Mars angle from the JPL HORIZONS database (https://ssd.jpl.nasa.gov/
horizons.cgi) to calculate the number of days it would take for the Sun to rotate (for-
ward or backward) so that the side facing Earth faces Mars. This date shift is used
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to select the appropriate F10.7P value.
Finally, because Mars and Earth are situated at different orbital distances, the




, where d is the Mars-Sun distance on that day, obtained from HORIZONS.
Although I use F10.7P as a solar flux proxy to quantify the ionospheric response
to changing solar irradiance, the neutral atmosphere model (see Section 3.5.2) uses a
different solar flux proxy, E10.7, to categorize the solar irradiance levels of the model
output. This proxy is grounded in the Sun’s EUV and X-ray spectrum; E10.7 is
calculated by first integrating the Sun’s spectrum between 1.862 and 104.9 nm. Then,
this value is converted to solar flux units — the same units used for F10.7 — by using
the linear regression coefficients that relate the Sun’s integrated flux to F10.7 values
from the same time period (Tobiska, 2001).
3.4 Analysis of MGS Data
I began by eliminating from consideration all southern hemisphere electron density
profiles in order to avoid any potential effects of the crustal magnetic fields (Withers
et al., 2019; Fang et al., 2017). This left 5,380 electron density profiles. From here, I
will perform a broad but shallow investigation of all the profiles available in the MGS
data set, and a deeper analysis and modeling of a small subset of profiles.
Profiles in the latter case were selected to minimize the effects of changing local
solar time (LST) and SZA. For this case, I selected profiles within a small range of LST
and SZA that spanned a relatively large range of F10.7P values. I focused on dawn-side
profiles with SZA between 76◦ and 78◦ and LST < 6 h (at the high northern latitudes
covered by the MGS mission, these low LST values are still illuminated during the
northern summer, during which most of the selected observations occurred). Finally,
I divided the remaining 415 profiles into low, moderate, and high solar irradiance bins
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Table 3.1: Solar irradiance binning of MGS profiles between 76◦ and
78◦ ZA
F10.7P Range at Mars (s.f.u.) Median F10.7P # Profiles
at Mars, 1 AU (s.f.u.)
36-40 38.2, 95.8 121
40-50 45.9, 120.2 32
52-65 59.7, 159.5 262
based on their F10.7P values. Low, moderate, and high refer to the solar irradiance
levels that occurred while MGS was observing this subset of profiles and do not
necessarily correspond to the extremes of solar irradiance seen at Mars. Table 3.1
lists the F10.7P ranges used for this step as well as the number of profiles in each bin.
Figure 3.2 shows the subset of MGS data analyzed in this step.
Figure 3.2: MGS electron density profiles used in this work. The
dots show the measurements derived from individual radio occultation
profiles, while the average of those profiles is shown as a thick solid
line. The fine lines represent the standard deviation of the mean profile.
Profiles observed during periods of low solar irradiance (as defined in
Table 3.1) are shown in blue, those from moderate solar irradiance are
shown in orange, and those from high solar irradiance are shown in red.
To quantify the response of Mars’s ionosphere, I test the prediction of PCE theory
that the electron density is proportional to the incident ionizing irradiance, F, raised
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to an exponent k (Schunk and Nagy, 2009):
Ne = Ne,0 F
k. (3.1)
In PCE theory, the value of the exponent k equals 0.5 at all altitudes in the dayside
ionosphere (Fox and Kliore, 1997). This means that electron densities in the dayside
ionosphere of Mars are expected to respond uniformly to changes in solar irradiance,
regardless of altitude or SZA. However, PCE theory relies on several assumptions
about a planet’s neutral atmospheric composition, ionospheric chemistry, electron
temperature, and incident solar radiation. Near the main ionospheric peak, many of
these assumptions are approximately satisfied (Girazian, 2016).
To perform the fitting, I first linearize Equation 3.1, with F = F10.7P , to obtain
lnNe = lnN0 +k lnF10.7P . The uncertainties are obtained using the technique outlined
in Girazian et al. (2015). To summarize, because the measurement uncertainty for
an individual electron density profile is far smaller than the scatter in the data at
a given point in parameter space, the measurement uncertainty provides just the
relative uncertainty for the fit. The final uncertainties are obtained when the overall
magnitude of the uncertainty increases to the point at which the chi-squared value of
the fit equals one.
I identified the profiles that satisfied the SZA selection criterion, then fit Equation
3.1 to all data points in each 1-km altitude bin in order to quantify the response of
this region of the ionosphere. I performed the fits on the full set of 415 profiles and on
the three average profiles. Fits to the full data set show the most complete picture;
fits to the three averages are most consistent with the modeling (Section 3.5). Figure
3.3 shows the data and the fits for three altitudes. I perform the fitting between 100
and 200 km. The best-fit exponent k reveals the degree to which the electron density
responds to changing solar irradiance. A k value of zero means that the electron
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density at that altitude is constant with respect to the solar irradiance proxy, while
a value of 1 means that the electron density increase is proportional to the solar
irradiance proxy. A k value of 0.5 means that the electron density at that location
follows the predictions of PCE theory (Fox and Kliore, 1997).
Figure 3.3: MGS electron densities (small circles) and averages for
three solar irradiance bins (large circles with error bars) at 140, 160,
and 180 km. Error bars for the individual data points have been omitted
for clarity. The colors of each symbol indicate to which solar irradiance
bin the data point belongs. Fits to the full data set are shown in the
grey dashed lines. Fits to the low, moderate, and high solar irradiance
averages are shown in the solid black lines. Best-fit k values for the
three altitudes shown are listed on the right-hand side for the full data
set (grey) and average profiles (black).
Figures 3.4 and 3.5 show the results of the fitting for all SZA available and the
carefully selected observations with SZA between 76◦ and 78◦. There are several
notable features, which are seen in both the full SZA range and the subset of profiles
in the 76-78◦ range. The best-fit k value reaches a minimum between 135 and 140
km in the 70-75◦, 75-80◦, and 80-85◦ bins. The 85-90◦ bin behaves differently, likely
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due to the sharp increase in peak altitude with SZA in this region (i.e., by comparing
the electron densities at a fixed altitude level you are probing very different pressure
levels). Above and below this altitude, the value of k increases. At high altitudes
(>170 km), the k values begin to decrease again. At these altitudes, plasma transport
becomes important, so this behavior is likely tied to the increased importance of
plasma transport in these regions.
I consider more closely the behavior of the k values derived from the average
profiles, which largely match that of the values derived from the full set of 415 profiles.
First, the best-fit k value equals 0.35 ± 0.07 at 136 km, near the main ionospheric
peak (peak altitudes for the average profiles range from 133.6 to 136.5 km). This
is consistent with previous analyses of the MGS dataset, for which k values ranged
from 0.243 ± 0.031 (Withers and Mendillo, 2005) to 0.44 (Zou et al., 2006). The
value of k remains nearly constant between 135 and 160 km. This suggests that the
assumptions of simple PCE theory are satisfied to the same degree throughout this
region. The fact that k is less than the predicted 0.5 does not necessarily mean that
the ionosphere doesn’t adhere to PCE at this altitude. As introduced in Section 3.1,
Girazian and Withers (2013) showed that choosing a solar irradiance proxy that is
more closely linked to the ionizing irradiance can bring the derived value of k for the
main peak into agreement with the predictions of PCE theory.
Girazian (2016) investigated the relationship between F10.7P and the photon flux,
FP — the number of photons with energies capable of ionizing CO2 incident on the
atmosphere per meter squared per second — and found that F10.7P is related to F
P
by FP ∝ (F10.7P)0.83. Thus, F10.7P is not a perfect representation of the ionizing
irradiance, and the value of k calculated using F10.7P would be less than 0.5 for an
ionosphere in PCE. However, changes in the value of k with altitude should reflect
changes in the behavior of the ionosphere at those altitudes, regardless of the choice
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Figure 3.4: Best-fit exponent k as a function of altitude for all
northern-hemisphere MGS observations, in 5-degree SZA bins.
of solar irradiance proxy.
Second, the value of k increases greatly below 135 km. The value of k at the
altitude of the M1 layer (circa 110 km) is 0.79 ± 0.035. This is approximately twice
the value of k at the altitude of the M2 layer. Girazian et al. (2015) found a similar
doubling in k at Venus from the V2 layer to the V1 layer. The increase in k below
135 km stems from two causes: the increased variability of the incident flux of high-
energy solar photons absorbed at those altitudes and the increased prevalence of
electron-impact ionization. Because the atmospheric species present on Mars have
small absorption and ionization cross-sections at X-ray wavelengths, those photons
are able to travel deeper into the ionosphere than their EUV counterparts before being
absorbed (Fox and Yeager, 2006). The Sun’s spectrum at those wavelengths shows
more variation from low to high solar irradiance than it does at longer wavelengths (see
Figure 3.6). X-ray photons are also responsible for driving electron-impact ionization
— which is not accounted for in simple PCE theory — at these altitudes (Schunk
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Figure 3.5: Best-fit exponent k as a function of altitude for all MGS
profiles in selected SZA range (grey) and average MGS profiles (black).
The fine lines represent the 1-sigma error.
and Nagy, 2009). These two factors cause the ionosphere at altitudes below the main
peak to respond more strongly to changes in solar irradiance than at the main peak.
Figure 3.5 also shows that the value of k increases weakly above ∼160 km. While
the behavior mirrors what is seen below the peak, it cannot have the same cause
since the highly variable X-ray irradiance is not the main source of ionization at
these altitudes.
There are several factors that could contribute to the behavior of Mars’s iono-
spheric electron densities at topside altitudes. Using a photochemical equilibrium
model, I specifically consider the effects of three factors, which I explored for Venus’s
ionosphere and which are summarized here:
1. Changes in the importance of minor ions. Simple PCE theory describes
an ionosphere with a single molecular ion species that is produced by photoion-
ization and lost by dissociative recombination. This description is applicable
83
to regions of Mars’s ionosphere where a molecular ion (namely, O+2 ) dominates.
In other regions, where ions other than O+2 become more prevalent, the iono-
sphere’s response to changing solar irradiance may diverge from what is pre-
dicted by PCE theory because minor ion species — either atomic or molecular
— may have different dominant loss mechanisms with different rates.
2. Changes in the electron temperature. The electron temperature affects
the electron density because the rate of dissociative recombination of molecular
ions depends on the electron temperature (Schunk and Nagy, 2009). In the
absence of other factors, an increase in the electron temperature will cause the
dissociative recombination rate to decrease, which causes the electron density
to increase. If the electron temperature changes with solar irradiance, it has
the potential to affect the overall response of the ionosphere to changing solar
irradiance.
3. Changes in the underlying neutral atmosphere. The composition of
Mars’s neutral atmosphere is a function of altitude and solar irradiance (Mahaffy
et al., 2015a). This leads to two possibilities for how Mars’s neutral atmosphere
can affect the ionospheric response to solar irradiance variations: a large-scale
inflation of the neutral atmosphere, which can carry with it the embedded
ionospheric plasma, due to increasing neutral temperatures, and changes in the
neutral composition at a given pressure level, which can affect the resultant
photochemistry.
In order to investigate which of the above three factors determines how Mars’s iono-
sphere responds to changing solar irradiance, I use a one-dimensional PCE model
that has been adapted to Mars to calculate the ion and electron densities in Mars’s
ionosphere under three solar irradiance scenarios. Figure 3.5 shows that the k values
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derived from the full set of radio occultations included in this study closely match the
values derived from the three average profiles shown in Figure 3.2 for altitudes at and
above the altitude of the main ionospheric peak. Modeling the three average profiles
rather than the full set of 415 profiles reduces the required quantity of numerical
modeling to a tractable level. Thus, I will use the average profiles for modeling and
analysis purposes for the remainder of this investigation.
3.5 Model Components and Output
This work uses a photochemical equilibrium model based on the Venus ionosphere
models developed by Girazian (2016) and used in Chapter 2. The model has been
adapted to Mars. The components of the model are described briefly below.
3.5.1 Solar Spectrum
This work uses the F10.7P-averaged solar spectra developed by Girazian and Withers
(2015). This empirical model draws upon measurements of the solar EUV and X-ray
spectrum made by the Solar EUV Experiment (SEE) carried out by the Earth-orbiting
Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) spacecraft
as well as concurrent Earth-based F10.7P measurements. The resultant model spectra
correspond to F10.7P values at 1 AU of 65 to 155 s.f.u. in increments of 10 s.f.u. For
this work, I used the spectra corresponding to 95, 125, and 155 s.f.u., since these
values are closest to the median values for the three solar irradiance bins listed in
Table 3.1. Figure 3.6 shows the solar spectra used in this work.
3.5.2 Neutral Atmosphere
This model uses neutral atmospheres and temperatures from the Mars Climate Database
(MCD) 5.3 (Forget et al., 1999; Millour et al., 2018). To query the database, I used
the median values of LST, solar longitude (Ls), and latitude for the observations con-
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Figure 3.6: Model solar spectra for 95, 125, and 155 s.f.u. as seen at
1 AU from the Sun.
sidered in this work. These median values were LST=3.9 h, Ls=112.2
◦, and lat.=72.5◦
N. The observations spanned a wide range of longitude, so the median longitude was
set to zero for all three bins.
I obtained the pressure, mass density, neutral temperature, and individual species’
mixing ratios at 1-km resolution for the minimum, average, and maximum solar EUV
climate scenarios provided in the database. These scenarios use the average dust
distribution observed over seven Mars years. Although MGS observed a global dust
storm in July 2001 (Smith et al., 2002), the observations selected for modeling do not
include dates in this period, eliminating the need to include dust storm effects in the
modeling. Figure 3.7 shows a sample neutral atmosphere from the MCD. I obtained
neutral atmospheres extending from 0 to 400 km in order to correctly calculate the
attenuation of the solar flux, but only the altitudes at which the model output is
analyzed (∼100-180 km) are shown in Figure 3.7.
It was necessary to modify the neutral atmospheres obtained from the MCD prior
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Figure 3.7: Neutral atmosphere for the low solar irradiance (95 s.f.u.)
case.
to use. The climate scenarios offered by the MCD do not directly match the solar
irradiance levels of the three solar irradiance bins being investigated. After this issue
was remedied by judicious interpolation (discussed below), simulated electron den-
sity profiles did not agree very well with observations. Peak altitudes were notably
offset and topside scale heights differed. These issues were interpreted as an indi-
cation that the bulk density and scale height in the model neutral atmosphere did
not adequately describe the true state of the Mars atmosphere during the observa-
tions. These properties of the model atmosphere were adjusted to remedy these issues
(discussed below).
The neutral atmospheres obtained from the MCD were modified for use in the
model in three ways:
1. Linear interpolation of individual species. The climate scenarios provided
in the MCD correspond to E10.7 values of 80, 140, and 320 s.f.u. at 1 AU. While
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these E10.7 values span more than the range covered by the MGS observations
considered in this work, none of these values align with the average E10.7 value
of each solar irradiance bin (see Table 3.1; the F10.7P values are approximately
equal to the E10.7 values). I converted the average F10.7P value for each solar
irradiance bin to an E10.7 value by obtaining Earth-based measurements of F10.7,
F10.7A (the 81-day-averaged F10.7), and E10.7. I used these measurements to
determine the functional relationship between E10.7 and F10.7P and converted
the Mars F10.7P to Earth E10.7 values using the derived functional form. I
then linearly interpolated between the existing MCD scenarios to obtain neutral
atmospheres more closely representative of the observations studied.
2. Scaling of bulk density. The neutral atmosphere of Mars is highly variable
with respect to atmospheric tides, seasons, areocentric latitude and longitude,
and other factors that are not fully captured in the MCD model. Moreover,
Mendillo et al. (2017) analyzed MAVEN data with relatively constant solar ir-
radiance, SZA, and areocentric location, and found that even when these factors
are held constant the CO2 density is still highly variable. To account for this, it
is reasonable to apply a multiplicative scaling factor to the neutral atmosphere
as a whole to bring the altitude of peak electron density in the model profile into
agreement with the observations (Mendillo et al., 2011). The implementation
of this process in the model is explained further in following sections.
3. Adjustments to scale height. Similarly, the scale height is known to vary
considerably at Mars; Bougher et al. (2017) found a 40% change in the scale
height over an 18-month period. To adjust the scale height, I multiplied the
altitude grid by a scaling factor, then interpolated the densities of each species
back onto the original altitude grid. The neutral temperature is also multi-
plied by the scaling factor. The implementation of this process in the model is
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explained further in following sections.
Figure 3.8 shows an example of the improvement to the model electron density
profile after the atmospheric corrections are applied.
Figure 3.8: Comparison of model electron density profiles with the
original atmosphere (red) and the corrected atmosphere (blue) to the
average MGS profile (black). The profiles shown are for the high solar
irradiance case.
3.5.3 Photochemistry
I adopted the photochemical scheme of Mendillo et al. (2011), who successfully mod-
eled simultaneous radio occultation observations of Mars made by MGS and Mars
Express. Three neutral species (CO2, O, and N2) are photoionized and participate




NO+, N+2 ). The list of photochemical reactions performed by the model is shown in
Table 3.2. The reaction rates are taken from Schunk and Nagy (2009). I retained
the longstanding reaction coefficients for the reaction of CO+2 and neutral O, which
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produces either O+ and CO2 or O
+
2 and CO, rather than the updated rate coefficients
from Tenewitz et al. (2018). Tenewitz et al. (2018) found that the existing rate co-
efficient for the reaction that produces O+2 and CO is too large by a factor of 8, and
the charge-exchange branch of that reaction is negligible. However, adoption of these
new rate coefficient in this and other (e.g., Stone et al., 2020; Fox et al., 2021) models
produced ionospheric compositions that are incompatible with in situ observations
from MAVEN. For example, Figure 5C of Stone et al. (2020) reports predicted and
observed CO+2 /O
+
2 ratios of 0.62 and 0.25, respectively, at 160 km. These are the two
most abundant ionospheric species at this altitude, so the discrepancy is significant.
The alternative values of k1 and k2 have been explored by several other authors.
Fox et al. (2017) used a numerical model to investigate the sensitivity of inferred
neutral O densities to adopted values for these rate coefficients, but did not publish
modeled ionospheric composition results. Gkouvelis et al. (2018) considered the rate
coefficient values reported by Tenewitz et al. (2018), but concluded “until the revised
value of this coefficient is confirmed, we use the conventional chemistry that provided
good agreement with past measurements of the ion and electron density profiles.”
Vigren and Cui (2019) used a numerical model to infer electron temperature from
ionospheric composition data and reported differences between observed and inferred
electron temperature values, but did not discuss the sensitivity of their results to the
adopted values for these rate coefficients or other factors.
The most in-depth study of the effects of these new rate coefficients was performed
by Fox et al. (2021). They modeled in-situ observations by MAVEN and compared
the results obtained using the new coefficients from Tenewitz et al. (2018) to those
using the previous coefficients from Fehsenfeld et al. (1970). Fox et al. (2021) find
that although the modeled total ion density matches the observations well, they are
unable to reproduce — qualitatively or quantitatively — the observed ion composition
90
at Mars using the updated coefficients from Tenewitz et al. (2018). The modeled O+
and CO+2 densities were far too large and the modeled O
+
2 densities were too small.
They also found that adoption of the new rate coefficients led to the CO+2 density
exceeding the O+2 density in the 130-200 km range. To date, there are no observations
showing CO+2 becoming the most abundant ion at any altitude. Even when the neutral
O densities were increased by a factor of four, which should cause the modeled O+
and CO+2 densities to increase, the densities did not agree. Fox et al. (2021) conclude
that the updated rate coefficients are not compatible with our current understanding
of the Martian ionosphere.
If the rate coefficient values reported by Tenewitz et al. (2018) are accurate, then
at least one other quantity critically important in photochemical models of the iono-
sphere of Mars must be represented incorrectly in current models. Possibilities include
densities of neutral O and CO2, densities of O
+, CO+2 , and O
+
2 , electron density and
temperature, wavelength-dependent ionization cross-sections and branching ratios for
O and CO2, electron-impact ionization, and the solar irradiance spectrum. Rigorous
investigation of all of these possibilities is beyond the scope of the current work, but
ought to be an important goal for the Mars aeronomy community. Therefore, follow-
ing Gkouvelis et al. (2018), I retain the longstanding values for these rate coefficients.
I obtained absorption and ionization cross sections for all species from the PHoto
Ionization/Dissociation RATES (PHIDRATES; http://phidrates.space.swri.edu)
database. These cross-sections were then averaged to match the 1-nm wavelength
resolution of the TIMED-SEE spectra.
This model includes electron-impact ionization, in which an electron liberated
from an atom or molecule by photoionization has sufficient energy to collide with and
ionize another atom or molecule. This process is especially important for altitudes
below the peak, where energetic soft X-ray photons do the bulk of the ionization. This
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Table 3.2: List of photochemical reactions
Reaction Rate Coefficient (cm3 s−1)
CO2 + hν → CO+2 + e− —
O + hν → O+ + e− —
N2 + hν → N+2 + e− —
CO+2 + O→ O+ + CO2 k1 = 9.6 × 10−11
CO+2 + O→ O+2 + CO k2 = 1.6 × 10−10
N+2 + CO2 → NO+ + CO2 k4 = 8.0 × 10−10
N+2 + O→ O+ + N2 k5 = 9.8 × 10−12
N+2 + O→ NO+ + N k6 = 1.3 × 10−10
O+ + N2 → NO+ + N k9 = 1.2 × 10−12
O+ + CO2 → O+2 + CO k10 = 1.1 × 10−9
O+2 + e
− → O + O α1 = 2.4 × 10−7 (300KTe )
0.70
CO+2 + e
− → CO + O α2 = 4.2 × 10−7 (300KTe )
0.75
N+2 + e
− → N + N α3 = 2.2 × 10−7 (300KTe )
0.39
NO+ + e− → N + O α4 = 4.0 × 10−7 (300KTe )
0.50
model uses the W-value method, which assumes that all the energy remaining after
a photon ionizes an atom or molecule goes toward electron-impact ionization. The
W-value refers to the average amount of energy needed for electron-impact ionization
to occur, which for Mars equals 28.4 eV (Wedlund et al., 2011).
3.5.4 Electron Temperature
Considerable attention has been given to the topic of representative electron temper-
ature profiles for use in modeling planetary ionospheres. The electron temperature
is important in ionospheric modeling because the dissociative recombination rate of
the dominant ion, O+2 , depends on the electron temperature, Te, as T
−0.70
e (Schunk
and Nagy, 2009). The dissociative recombination rates of other molecular ions show
similar dependencies on the electron temperature. However, until the arrival of the
MAVEN spacecraft at Mars in 2014, in situ measurements of electron temperatures
at Mars were limited to measurements by the Viking landers (Hanson and Mantas,
1988). The dearth of electron temperature data led many modelers to use the neu-
tral temperature as a substitute for the electron temperature (e.g., Martinis et al.,
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2003). This substitution is reasonable at low altitudes where the neutral and ionized
populations are in thermal equilibrium, but less valid at higher altitudes where the
electron temperature exceeds the neutral temperature many times over (Ergun et al.,
2015).
I parameterize the electron temperature by adapting the electron temperatures
measured during MAVEN Deep Dip 9 and reported in Peterson et al. (2020). Pe-
terson et al. (2020) present the electron temperatures observed by MAVEN as well
as electron temperature profiles empirically adjusted at low altitudes/temperatures,
where MAVEN observations are known to be artificially high due to the limitations
of the Langmuir probe.
Following a similar procedure to Mendillo et al. (2011), I obtained the Te/Tn ratio,
R, in order to make the parameterization applicable to any atmosphere. I adopted













Here, RL is the ratio of electron to neutral temperature at low altitudes, RH is the
ratio of electron to neutral temperature at high altitudes, z0 is the transition altitude
in km, and H0 is the scale height of the transition in km.
I performed a Levenberg–Marquardt least-squares fit (Markwardt, 2009) to the
data to determine the values of RH , z0, and H0. RL was held fixed at one to satisfy
the assumption of thermal equilibrium at low altitudes. For the electron and neutral
temperatures observed in Deep Dip 9, the best-fitting parameters were RH = 9.71, z0
= 194.4 km, and H0 = 39.3 km. Figure 3.9 shows the resultant electron temperature
parameterization as a function of altitude and atmospheric pressure.
In order to make this electron temperature parameterization more generally appli-
cable, I adapted the original altitude-based description to a pressure-based descrip-
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Figure 3.9: The derived electron temperature parameterization. The
observed Te/Tn ratio from MAVEN Deep Dip 9 is in grey. The fit is
in black.
tion. In MAVEN Deep Dip 9, the transition altitude z0 (194.4 km) occurred at a
pressure p0 of 1.32×10−7 Pa. Hence, instead of z0 being 194.4 km in all instances,
z0 is instead the altitude at which atmospheric pressure is 1.32×10−7 Pa. Thus, the
transition altitude rises to a higher altitude if the target atmosphere is denser overall
than the original atmosphere, and sinks to a lower altitude if the target atmosphere
is less dense overall. The atmospheric pressure calculation is performed after the
neutral atmosphere undergoes the scaling steps laid out in points 2 and 3 in Section
3.5.2.
Figure 3.10 shows the electron and neutral temperatures as a function of altitude
for the three neutral atmospheres used in this study. Note that the increase in the
electron temperature at high altitudes in the moderate and high solar irradiance cases
is purely due to the increase in the neutral temperature in the corresponding model
atmospheres, to which the electron temperature is proportional. This parameteriza-
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tion does not include any direct effects of increasing solar irradiance on the electron
temperature.
Figure 3.10: Electron and neutral temperature profiles used in this
study. The low, moderate, and high temperature profiles are shown
in blue, orange, and red, respectively. Neutral temperature profiles
are shown in solid lines and electron temperature profiles are shown in
dashed lines.
3.5.5 Electron Density Profiles
This analysis requires a model electron density profile at the appropriate SZA and
solar irradiance. However, as noted in Section 3.5.2, using the nominal neutral atmo-
spheric profile from the MCD yields unsatisfactory model electron density profiles. In
order to select the best values of bulk density scaling factor and scale height adjust-
ment factor, I ran a suite of simulations at each SZA and solar irradiance in which
these factors were varied. The bulk neutral atmosphere scaling factor took values
between 0.20 and 1.50 in increments of 0.02. The scale height adjustment factor took
values between 0.40 and 1.50 in increments of 0.02. Selection of the individual model
95
Table 3.3: Parameters for best-fitting models




profiles used in the analysis was performed in steps: First, I selected all profiles for
each solar irradiance level that had satisfactory peak parameters (peak altitude within
1 km of the data value and peak density within 5% of the data value) and densities at
the top of the simulation at 180 km (within 20% of the data value). I then considered
all combinations of well-fitting model profiles, one from each solar irradiance level,
retaining only the combinations in which the electron density increases monotoni-
cally with increasing solar irradiance at all altitudes, as is seen in the observations.
Finally, I calculated k curves for the remaining combinations of model profiles and
identified the set that yielded the best-fitting k curve. This technique ensures that
both the model profiles and the k curves fit well and excludes the unrealistic case
in which the electron density does not increase monotonically with increasing solar
irradiance at all altitudes. This technique was selected rather than a simple least-
squares minimization of the individual electron density profiles because the k curves
are sensitive to small changes in the peak altitude and topside scale height, so it is
possible to have a set of well-fitting electron density profiles that produce a poorly
fitting k curve. The selected correction factors are listed in Table 3.3. In general,
both the bulk atmospheric scaling and the scale height adjustment were on the order
of a few percent. Figure 3.11 depicts the ion and electron densities from one of the
three model profiles.
Figure 3.12 compares the model results to the data and the average profiles for
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Figure 3.11: Modeled ion and electron densities for SZA = 77◦ and
low solar irradiance.
each solar irradiance level. In general, the data–model agreement is excellent at and
above the main peak, with the difference between the observed and modeled electron
densities generally within 10%. The under-estimation of the electron densities near
the lower peak is likely due to an inadequate characterization of electron-impact ion-
ization, which is the main source of ionization at these altitudes (due to the extremely
high energies of the soft X-ray photons absorbed in this region). Around 180 km, the
models and data begin to diverge. This is consistent with the location of the PCE–
transport boundary estimated by previous modelers, who found that the boundary
fell between ∼170 km (Mendillo et al., 2017) and 180-200 km (Fox et al., 2017).
To more directly compare the response of the modeled and observed electron
densities to changes in solar irradiance, I repeated the analysis from Section 3.4 and
determined the best-fit value of k for the altitudes considered in this work. The results
of this analysis are shown in Figure 3.13. The model is largely capable of reproducing
the observed behavior: k has a value of 0.35 at 136 km, approximately the altitude
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Figure 3.12: Comparison of best-fitting model profiles to average
data profiles for the three solar irradiance bins. Model profiles are the
dashed black lines. Average observed profiles are the thicker solid lines.
The thinner solid lines represent the standard deviation of the average
profiles.
of the main peak, then reaches a minimum value of 0.30 at 150 km. The value of
k then increases both above and below this region. The model does not reproduce
the sharp change in behavior at ∼190 km, which I again attribute to the exclusion of
plasma transport from the photochemical equilibrium model. Overall, these results
demonstrate the ability of a simple photochemical equilibrium model to reproduce the
behavior of observed electron densities under changes in solar irradiance and altitude.
The following section will describe the work done to extract the underlying causes of
the observed behavior.
3.6 Interpretation of Results
Following Chapter 2, I investigated three potential drivers of the observed behavior:
increased concentration of minor ions at high altitudes, changes in the electron tem-
perature due to solar irradiance, and inflation of the neutral atmosphere as a whole
because of rising neutral temperatures.
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Figure 3.13: Comparison of best-fit k versus altitude for data and
models. The data are shown in black, with the finer lines representing
the 1-sigma error. The model curve is shown in blue.
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3.6.1 Importance of Minor Ions
The major ions included in these simulations of Mars’s ionosphere are O+2 , which is
the most prevalent ion at all altitudes of interest, CO+2 , and O
+. The remaining ions
are N+2 and NO
+. In the low solar irradiance case, these minor species make up just
0.05% percent of all ions at the ionospheric peak (see Figure 3.11). At 180 km, the
proportion increases to 1.2%. In the high solar irradiance case, the proportion of
minor ions at 180 km is just 0.09%. The altitude dependence of the proportion of
minor ion species may be different for other SZA; for median ion densities with SZA
between 45◦ and 60◦, the proportion of minor ions at 155 km (the lowest altitude
available) is roughly 7%. At 180 km, the proportion falls slightly to 4% (estimated
from Figure 1 of Withers et al. (2015)).
To investigate the impact of minor ion species on how the electron density as a
whole responds to changing solar irradiance, I removed all reactions involving minor
ions N+2 and NO
+ and repeated the simulations. The remaining equations, with the
addition of photoionization of CO2 and O, are listed below:
O+ + CO2 → O+2 + CO (3.3)
CO+2 + O→ O+2 + CO (3.4)
CO+2 + O→ O+ + CO2 (3.5)
O+2 + e
− → O + O (3.6)
CO+2 + e
− → CO + O (3.7)
Figure 3.14 compares the results of these simulations to the full model simulations
presented in Section 3.5.5. The removal of equations involving minor ions has only
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a small effect on the resultant electron density. At the main ionospheric peak, the
effect is on the order of 1%, increasing to a few percent at the top of the simulation
at 180 km. As the right-hand panel of Figure 3.14 shows, the strength of the elec-
tron densities’ response to changing solar irradiance is similarly unaltered; although
the k value at high altitudes is slightly larger when minor ions are eliminated, the
overall trend is unchanged. Based on this observation, I conclude that the changing
proportion of minor ions is not responsible for the observed behavior.
Figure 3.14: Left: Comparison of full model output (solid lines) to
the simplified model output (dashed lines) with minor ions removed.
Low, moderate, and high solar irradiance models are shown in blue,
orange, and red, respectively. Right: Comparison of the calculated k
values for those two sets of models.
3.6.2 Changes in the Electron Temperature
The electron temperature influences the electron densities in the ionosphere by mod-
erating the dissociative recombination rate of molecular ions. In the existing model
framework, the electron temperature changes with solar irradiance because 1) the
neutral atmosphere inflates as solar irradiance increases, increasing the altitude of a
given pressure level and therefore causing the transition altitude, z0, to increase and
2) the electron temperature scales with the neutral temperature, which increases with
solar irradiance (Forget et al., 1999; Millour et al., 2018).
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To investigate the impact of these changes, I repeat the modeling for the case
in which the electron temperature is constant with respect to solar irradiance. The
results of this modeling are presented in Figure 3.15. The results make it clear that
changing electron temperature is not required to recreate the observed behavior, but
it does allow for the electron temperature to change; it is clear that the electron tem-
perature changes provide only a minor correction to the behavior caused by another
factor.
I performed an additional set of simulations to test how large changes to the
electron temperature can be and still produce electron density profiles that are within
one sigma of the average MGS profiles at and above the main peak. To do this, I
multiplied the electron temperature profile used in the low solar irradiance case by 1
+ ε for the moderate solar irradiance case and 1 + 2ε for the high solar irradiance
case. ε was varied from -0.45 to 0.5. I find that values of ε between 0 and 0.1
produce profiles that are consistent with the MGS data, suggesting that the electron
temperature could increase up to 10% from low to moderate solar irradiance and up
to 20% from low to high solar irradiance.
Figure 3.15: Left: Comparison of full model output (solid lines) to the
model where the electron temperature is held constant with solar irra-
diance (dashed lines). Low, moderate, and high solar irradiance models
are shown in blue, orange, and red, respectively. Right: Comparison of
the calculated k values for those two sets of models.
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Studies of the effects of solar irradiance on electron temperatures in Mars’s iono-
sphere can provide some context for this result. Aside from the two Viking lander
measurements (Hanson and Mantas, 1988), studies of in situ electron temperature
measurements at the ionospheric peak are limited to the MAVEN Deep Dip cam-
paigns. These measurements are known to be biased high at low (<700 K) tempera-
tures expected at low altitudes (Ergun et al., 2015; Peterson et al., 2020), which adds
additional challenges.
Vigren and Cui (2019) modeled observations from MAVEN Deep Dips 2 and
8, finding that the electron temperature from 120 to 175 km was higher for Deep
Dip 8, which they attributed to changes in the neutral atmosphere due to solar
irradiance. They derived an empirical relation between the CO2 density and the
electron temperature, Te, finding that the electron temperature is anti-correlated
with the CO2 density as Te ≈ 3.4× 105n−0.31CO2 , where Te is in units of Kelvin and nCO2
is in units of cm−3.
Pilinski et al. (2019) analyzed in situ data from MAVEN and found that electron
temperatures can be anti-correlated with the EUV flux and the CO2 density at a
fixed altitude in Mars’s thermosphere. This arises because the plasma population
is coupled to the neutral population; when the neutral atmosphere expands under
higher EUV conditions, the CO2 density increases at thermospheric altitudes (they
focused on altitudes around 170-190 km) which increases the electron cooling rate,
since electrons are cooled primarily through collisions with the neutrals.
Breus et al. (2004) combined MGS radio occultations with Earth-based E10.7 mea-
surements to study the correlation between the electron temperature at the M2 peak
and solar irradiance. By analyzing the peak densities, they inferred that the elec-
tron temperature was anti-correlated with the E10.7 index for northern hemisphere
observations between November and December 2000. In January 2001, however, they
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found that the electron temperature was poorly correlated with the E10.7 index, lead-
ing the authors to conclude that changes in the solar wind dynamic pressure likely
played a role.
The electron temperature parameterization does not account for the possibility of
a changing electron cooling rate or the potential effects of the impinging solar wind.
Instead, it ties the electron temperature to the changing neutral temperature and
neutral density. At 180 km, the electron temperature decreases by 1.6% (8 K) from
the low to high solar irradiance case. Near the main peak (∼135 km), the electron
temperature is essentially invariant with solar irradiance, increasing just 0.3 K from
the low to high solar irradiance case. Though this seems at odds with previous
findings, the empirical relation of Vigren and Cui (2019) similarly yields a small (few
percent) increase in the electron temperature when applied to the peak CO2 densities
used in the model, though the absolute electron temperatures differ by roughly 80 K.
The analytical model of Withers et al. (2014a) predicts a larger increase; inserting
reasonable values for the variables in their Equation 5 yields a 16% increase in the
electron temperature from low to high solar irradiance at the peak.
3.6.3 Changes in the Neutral Atmosphere
As the incident solar EUV and X-ray flux increases with increasing solar irradiance,
the influx of high-energy photons transfers energy to the neutral atmosphere, causing
the neutral temperature to increase. This overall increase in the neutral temperature
causes the neutral scale height to increase, causing the atmosphere to “puff up”
(i.e., the altitude corresponding to a given pressure level rises). This inflation also
alters the composition of the neutral atmosphere at a given altitude. These two
effects can be approximated by considering the neutral scale height and the O/CO2
ratio, an important predictor of ionospheric structure (Thiemann et al., 2018). These
two effects have the potential to affect the ionospheric electron densities because
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the ionosphere is embedded within the neutral atmosphere and the ionospheric and
thermospheric compositions are linked (see Figures 3.7 and 3.11).
From the low solar irradiance case to the high solar irradiance case (where low
and high solar irradiance refer to the designations made in Table 3.1), the neutral
scale height — estimated from the CO2 density in 10-km bins every 5 km — increases
at all altitudes of interest. The neutral scale height increases by 1.5% at 130 km and
increases by 11.1% at 180 km. The O/CO2 ratio increases with altitude (see Figure
3.7), exceeding unity above 180 km.
To test the impact of these factors, I repeat the modeling a final time with the
neutral atmosphere held static (i.e., the low, moderate, and high solar irradiance
scenarios were all modeled with the low solar irradiance neutral atmosphere). Note
that because the electron temperature varies with the neutral atmosphere as described
in Sections 3.5.4 and 3.6.2, the electron temperature is also effectively held constant
in these simulations. Figure 3.16 shows the results of these simulations. Unlike the
models in which the electron temperature was held constant or the minor ion species
were eliminated, holding the neutral atmosphere constant causes a distinct change in
the overall behavior of the electron density.
Above the ionospheric peak at ∼135 km, the behavior of the static neutral at-
mosphere model closely approaches the predictions of simple PCE theory — namely,
that the ionospheric response is constant with respect to altitude. The value of k
is not the expected 0.5, which is attributable to the choice of solar irradiance proxy
(Girazian and Withers, 2013). Though this is outside the focus of this dissertation,
this model output also nicely demonstrates that the increase in response has a sepa-
rate cause above the peak than it does below. Removing the effect of the changing
neutral atmosphere brings the results nearly into agreement with PCE theory above
the peak, but has little effect below the peak where the increase is attributed to the
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increased importance of high-energy photons and electron-impact ionization.
Figure 3.16: Left: Comparison of full model output (solid lines) to the
model where the neutral atmosphere is held constant with solar irradi-
ance (dashed lines). Low, moderate, and high solar irradiance models
are shown in blue, orange, and red, respectively. Right: Comparison of
the calculated k values for those two sets of models.
We can also look more closely at the impact of the changing neutral composi-
tion by considering two end-member atmospheres: one in which CO2 overwhelmingly
dominates the neutral atmosphere and another in which O is the most dominant. In
each of these end-member cases, the principal species (either CO2 or O) is photoion-
ized and undergoes electron-impact ionization. The remaining neutral species do not
undergo photoionization or electron-impact ionization or participate in photochem-
istry. The resultant ions (either CO+2 or O
+) are assumed to be instantly converted
to O+2 through charge exchange with trace species. These O
+
2 ions are then lost by
dissociative recombination. The CO2-dominated case is applicable to the 100-180 km
altitude range investigated in this study, as CO2 is by far the most abundant neutral
species at most altitudes in that range. Atomic oxygen begins to supplant CO2 as the
most abundant species above the PCE region (Mahaffy et al., 2015a), so we wouldn’t
expect the O-dominated end-member to describe the behavior of Mars’s ionosphere
well in the 100-180 km range. Figure 3.17 compares the results of the end-member
modeling to the full model and the MGS data. It is clear that the O-dominated end-
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member case is not a good descriptor of Mars’s ionosphere above the altitude of the
main peak. The CO2-dominated end-member case matches the MGS data extremely
well up to 165 km, suggesting that it is appropriate to treat the thermosphere as
being composed of only CO2 at those altitudes.
Figure 3.17: Comparison of best-fit k values for the MGS data (black
lines), full model (blue line), and end-member models (red and orange
lines).
3.7 Comparisons to Venus
Despite the vastly different neutral atmospheric densities and incident solar fluxes
at Mars and Venus, the altitude ranges of their dayside ionospheres are remarkably
similar. Mars’s main ionospheric peak altitude increases from 125 km at the subsolar
point (Fox and Weber, 2012) to 150 km near the terminator (Fallows et al., 2015a). At
Venus, the altitude of the main ionospheric peak is roughly constant at 141 km across
dayside SZA (Cravens et al., 1981; Girazian, 2016; Withers et al., 2020b). Their lower
peaks appear at 100-120 km at Mars (Fox and Weber, 2012; Fallows et al., 2015a)
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and 127 km at Venus (Girazian, 2016). At both Venus and Mars, the assumptions
of PCE lose their validity above ∼180 km as plasma transport processes take hold
(Nagy et al., 1980; Mendillo et al., 2017; Fox et al., 2017). Thus, it may be illustrative
to compare the response of the two planets’ ionospheres at altitudes between 100 and
180 km.
In my analysis of Venus’s dayside ionosphere in Chapter 2, I found that the re-
sponse of electron densities to changing solar irradiance increased dramatically with
altitude above the peak. The response at Venus is much more marked than it is at
Mars; at 30◦ SZA, the calculated value of k increases from 0.39 ± 0.02 at the peak
(141 km) to 0.69 ± 0.11 at the top of the photochemical region at 180 km. Closer to
the limb, at 75◦ SZA, this effect is even more pronounced: k soars from 0.36 ± 0.05
at the peak to 1.23 ± 0.22 at 180 km. Figure 3.18 compares the best-fit k values at
Venus and Mars. Compared to Venus, the effect that changing solar irradiance has
on Mars is much more subtle. In the analysis region at 76-78◦ SZA, k rises slightly
from 0.35 ± 0.07 near the peak (136 km) to 0.56 ± 0.25 at 180 km.
In my analysis of the dayside Venus ionosphere, I found that the ionospheric
response to changes in solar irradiance could be explained fully by the large scale
inflation of the neutral atmosphere. Specifically, the changing neutral scale height,
which leads to changes in the neutral composition as a function of altitude, is re-
sponsible for the observed shape of the k versus altitude profile. To demonstrate this
point further, I used simplified models in which Venus’s atmosphere contained only
a single species to represent the low- and high-altitude regimes of Venus’s thermo-
sphere. Using these simplified models, I found that the shape of the k versus altitude
profile demonstrates the transition between a CO2-dominated neutral atmosphere at
low altitudes to an O-dominated neutral atmosphere at high altitudes. Section 3.6.3
showed that this transition is not observed at Mars because the neutral atmosphere
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Figure 3.18: Comparison of best-fit k values for MGS (black; 76-78◦
SZA) and Venus Express (red; 72.5-77.5◦ SZA) observations. Although
the k values are fairly consistent up to ∼140 km, they diverge rapidly
above this altitude.
is not yet O-dominated at the upper boundary of the region studied here.
Given this analysis, two factors emerge as explanation for the different results at
Mars and Venus. First, Mars and Venus have different neutral scale heights, largely
due to the stronger gravitational pull at Venus. The larger neutral scale height at
Mars (∼8 km near its ionospheric peak versus ∼4 km at Venus) means that there are
simply fewer scale heights between the peak and the top of the photochemical region
where plasma transport begins to impact the electron density, around 180 km for
both planets (Kim et al., 1989; Fox et al., 2017). Therefore, vertical scales tend to be
exaggerated at Mars and compressed at Venus. Recasting the k versus altitude plot
with respect to scale heights above the peak allows for a more meaningful comparison
of the two planets. This is shown in Figure 3.19. Here, the scale height has been
estimated from the CO2 densities of the respective neutral atmosphere models (Forget
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et al., 1999; Millour et al., 2018; Hedin et al., 1983). Notably, this representation shows
that the derived k values match closely at the peak.
Figure 3.19: Comparison of best-fit k values for MGS (black) and
Venus Express (red) observations. The approximate altitude ranges
shown are 135-188 km (Mars) and 141-165 km (Venus). The horizontal
scale is the same as in Figure 3.18.
Figure 3.19 also shows that above the peak, electron densities in Venus’s iono-
sphere are still somewhat more responsive to changes in solar irradiance than in
Mars’s ionosphere. This could be due to the second factor: although the atmospheres
of Mars and Venus are both dominated by CO2 at thermospheric altitudes, Venus
has a larger proportion of atomic oxygen at a given altitude in the range of inter-
est. At Venus atomic oxygen takes over as the dominant neutral around 150 km for
SZA = 75◦, while at Mars that transition occurs above 180 km. Figure 3.20 shows
that this effect persists when the two planets’ differing scale heights are taken into
consideration. The O/CO2 ratio also varies differently with changing solar irradiance
conditions at the two planets; in the neutral atmosphere models that underlie the
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PCE model, the proportion of atomic oxygen at a given altitude in the thermosphere
of Venus increases with increasing solar irradiance, while at Mars that same propor-
tion decreases (Hedin et al., 1983; von Zahn et al., 1983; Keating and Hsu, 1993).
This likely explains some of the observed behavior — at Venus, the increase in the
O/CO2 ratio with altitude and solar irradiance leads to larger k values than are seen
at Mars, especially at high altitudes, while at Mars the O/CO2 ratio increases with
altitude but decreases with solar irradiance, moderating this effect.
General circulation model simulations have previously noted these differences be-
tween Venus and Mars in terms of how their O/CO2 ratio changes with solar irradi-
ance. Bougher et al. (2002) reported trends in the O/CO2 ratios at Venus and Mars
that are similar to those shown in Figure 3.20. They interpreted the behavior at
Venus as being consistent with photochemical expectations (enhanced photodissoci-
ation at high solar irradiance producing more O from CO2 molecules), but invoked
dynamical effects to explain the reverse behavior at Mars. At Venus, these model
predictions for the dependence of the O/CO2 ratio on solar irradiance are consistent
with observations. At Mars, however, relevant observations have not yet spanned a
sufficient range of solar irradiance to definitively assess whether these predictions are
accurate.
3.8 Summary and Conclusions
Electron densities in the dayside ionosphere of Mars are affected by changing solar
irradiance. Many previous studies (e.g., Breus et al., 2004; Zou et al., 2006; Fox
and Yeager, 2009) have quantified Mars’s response to changing solar irradiance at the
altitude of peak electron density. Mendillo et al. (2017) also assessed the importance of
various atmospheric factors in determining the resultant electron densities at altitudes
near the peak. To date, no studies have quantified the response of Mars’s ionosphere
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Figure 3.20: O/CO2 ratio as a function of altitude (left) and number
of scale heights above the peak (right). Mars is shown in black and
Venus is shown in red. Low solar irradiance is shown as solid lines
and high solar irradiance is shown as dashed lines. Scale heights were
calculated using the MCD neutral atmosphere model for Mars and the
Hedin et al. (1983) neutral atmosphere model for Venus.
at altitudes throughout the photochemical region and analyzed the factors that are
responsible for the observed behavior.
By analyzing radio occultation data from MGS, I quantified the response of Mars’s
ionosphere at SZA between 76◦ and 78◦ to changes in solar irradiance, for which I
used the F10.7P index as a proxy. This analysis revealed that the smallest response to
changing solar irradiance occurs just a few kilometers above the peak, where the value
of the exponent k was found to be 0.35 ± 0.06. That this exponent does not equal
the expected 0.5 at or near the altitude of highest electron density is a consequence
of F10.7P’s imperfect representation of the Sun’s ionizing irradiance.
The value of the exponent k was found to increase at altitudes both above and
below the peak. This reveals that the assumptions of Chapman theory are not fully
satisfied at these altitudes. At altitudes below the main ionospheric peak, I attribute
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the increase in k to an increase in the variability of the source of ionization itself
(i.e., solar X-ray photons rather than EUV photons) and the increased importance
of electron-impact ionization. However, this explanation fails to capture the behav-
ior above the peak, where the atmospheric species are mostly ionized by solar EUV
photons. I used PCE models to reproduce the observed electron densities and as-
sess the factors that contribute to how Mars’s ionosphere responds to changing solar
irradiance.
Through the modeling process, I also developed a new electron temperature pa-













where RL = 1, RH = 9.71, H0 = 39.3 km, and z0 is the altitude at which pressure
equals 1.32×10−7 Pa. This electron temperature parameterization is suitable for use
in other ionospheric models and related applications.
A one-dimensional PCE model successfully reproduced the observed electron den-
sities and trends with solar irradiance. By manipulating the model inputs, I assessed
the impact of the changing electron temperature, neutral atmosphere, and importance
of minor ions. I found that while the electron temperature and minor ions have a
small effect on the resultant behavior, the response of Mars’s electron densities in the
photochemical region is overwhelmingly determined by how the neutral atmosphere
reacts to changes in the solar irradiance. Namely, as the Sun’s ionizing irradiance
increases as the Sun proceeds through its irradiance cycle, or on shorter timescales as
active regions rotate in and out of view, the flux of high-energy radiation deposited
into the neutral atmosphere increases, increasing the neutral temperature and scale
height. Because the ionosphere is embedded in the neutral atmosphere, the large-
scale inflation of the neutral atmosphere affects the electron density as well, causing
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the value of k to increase with altitude. I compared the results at Mars to those at
Venus. In both cases, the increase of the neutral scale height with increasing solar ir-
radiance is responsible for the observed behavior. Venus shows a much more dramatic
response to changing solar irradiance, which is partly the result of its smaller neutral
scale height; accounting for the two planets’ differing scale heights brings them into
closer agreement, but Venus’s ionosphere remains more responsive to changing solar
irradiance. I attribute this to the larger fraction of atomic oxygen in its atmosphere,
as well as the increase in the O/CO2 ratio with solar irradiance, showing that atmo-
spheric composition plays an important role in determining how a planet’s ionosphere
reacts to our changing Sun.
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Chapter 4
Dependence of Ion Composition of the
Ionosphere of Mars on Solar Irradiance
4.1 Introduction
The ionosphere of Mars contains thermal plasma derived from the ionization of neutral
atmospheric species. Throughout much of the ionosphere, the most abundant neutral
species is CO2 and the most abundant ion species is O
+
2 (Benna et al., 2015b; Mahaffy
et al., 2015a; Withers et al., 2015). Other species, particularly neutral O and CO,
as well as ionized O+ and CO+2 , also play important roles in ionospheric chemistry.
The most important ionospheric pathway is the photoionization of CO2 molecules
by solar extreme ultraviolet (EUV) photons to produce CO+2 ions. These CO
+
2 ions
rapidly undergo a charge exchange reaction with neutral oxygen atoms to produce
O+2 ions, which are lost more slowly by dissociative recombination with electrons.
This explains why the dominant ion species is O+2 even though neutral O2 is not an
appreciable constituent at atmospheric ionospheric altitudes. Additional background
on the ionosphere of Mars is provided by several review articles and authoritative
books (e.g., Barth et al., 1992; Bauer and Lammer, 2004; Witasse et al., 2008; Schunk
and Nagy, 2009; Withers, 2009; Bougher et al., 2017).
Electron densities in the dayside ionosphere of Mars are affected by changing solar
irradiance. Many previous studies (e.g., Breus et al., 2004; Zou et al., 2006; Fox and
Yeager, 2009) have quantified how electron density values at the ionospheric peak
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increase with increasing ionizing irradiance. In Chapter 3, I extended such analyses
to altitudes above the ionospheric peak in the upper regions of the photochemical
ionosphere. Using a set of 415 electron density profiles acquired by the MGS radio
occultation experiment at solar zenith angles between 76◦ and 78◦ at local solar times
around dawn. I found that changes in electron density with solar irradiance were
uniform between 135 km and 160 km altitude. The response to increasing solar
irradiance was slightly larger above 160 km altitude. This is in marked contrast to
the behavior at Venus, where the response of electron density to increasing solar
irradiance almost doubles from the ionospheric peak to the top of the photochemical
region of the ionosphere, even though the ionospheres of Venus and Mars are similar
in terms of their chemical composition and vertical structure (Hanson et al., 1977;
Taylor et al., 1980; Mahajan and Dwivedi, 2004).
In Chapters 2 and 3, I reproduced the observed trends in electron density using
photochemical models. I found that these behaviors are controlled by changes in
the O/CO2 ratio of the neutral atmosphere with solar irradiance. At Venus, the
atmosphere is CO2-dominated around the ionospheric peak, but O-dominated at the
top of the photochemical region of the ionosphere. At Mars, however, the atmosphere
is CO2-dominated throughout the photochemical region of the ionosphere.
These findings concerning the behavior of ionospheric density pose the question
of how the ionospheric composition behaves. Do all ion densities change in the same
manner as the total density? Does the O+ density increase more strongly than total
density, as might be expected if increased photodissociation caused by increased solar
irradiance tends to increase the O/CO2 ratio? Or do densities behave differently from
these two candidate hypotheses? Elucidating how ionospheric composition varies with
solar irradiance will inform the physical processes responsible for the production and
loss of ionospheric plasma. Therefore, the aim of this chapter is to determine how the
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composition of Mars’s dayside ionosphere is affected by changing solar irradiance.
In Section 4.2, I present the specific questions to be answered in this chapter. In
Sections 4.3 and 4.4, I introduce the data used in this chapter and present an initial
analysis of these data. In Sections 4.5, 4.6, and 4.7, I outline the photochemical
equilibrium model used to interpret the results of the analysis in the previous section
and interpret the modeling results. In Section 4.8, I expand the study to all dayside
solar zenith angles. Finally, Section 4.9 presents the conclusions of this research.
4.2 Specific Answerable Questions
This chapter aims to answer the following questions:
Q2. Do the ion compositions of the ionospheres of Venus and Mars vary
with solar irradiance in the same way?
(c) At what altitudes and solar zenith angles does the ion composition of the
ionosphere of Mars vary with solar irradiance as predicted by photochemical equi-
librium theory? At what altitudes and solar zenith angles do they depart from the
predictions of theory?
(e) Which of the following factors are important to how the ionosphere of Mars re-
sponds to changing solar irradiance: the overall expansion of the neutral atmosphere,
changing neutral composition at a fixed pressure level, changing importance of minor
ions, or changes in the electron temperature?
4.3 Data
I use neutral and ion density measurements from the MAVEN Neutral Gas and Ion
Mass Spectrometer (NGIMS) (Mahaffy et al., 2015a,c), augmented by a proxy for
time-varying solar ionizing irradiance. Specifically, I use Level 2 data (Version 08,
Revision 01). Following Chapter 3, I use values of the Sun’s flux at the radio wave-
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length of 10.7 cm, F10.7. Specifically, I use an averaged flux value, F10.7P, shifted in
date and heliocentric distance from Earth to Mars. The generation and properties of
this proxy for ionizing solar irradiance at Mars are discussed fully in Chapter 3.
NGIMS neutral and ion density measurements are acquired between periapsis
altitude and an upper boundary set by instrument sensitivity. Typical periapsis
altitudes range from ∼150km to ∼190km, and typical upper boundaries are in the
range 240-300 km. During Deep Dips, periapsis is temporarily lowered to 120-130
km. Measurements are made every 2 seconds for 20 minutes during each periapsis
pass. I separated each orbit into inbound and outbound sections and interpolated the
measured densities onto a 1-km altitude grid, with the lower and upper altitude limits
of each interpolated orbit determined by the altitudes spanned by that particular
orbit. When comparing orbits covering different altitude ranges, the comparison was
performed only at the altitudes covered by all orbits under consideration. For these
analyses, it is useful to have a measure of the total density of neutral and ion species
in addition to the densities of the individual ion species. The total neutral density
was calculated by summing the densities of individual neutral species at each altitude
level in the interpolated orbits. The total ion density was calculated by summing the
densities of individual ion species at each altitude level in the interpolated orbits. I
analyzed the inbound portions of the selected orbits as there are known issues with
determining the density of neutral atomic oxygen on an outbound trajectory (Benna
and Elrod, 2016; Liu et al., 2018).
I analyzed observations taken during Deep Dip 2 (2015 April 17-22) and Deep Dip
8 (2017 October 20-23). These observations span a large range of solar irradiance and
reach low periapsis altitudes while minimizing the range of solar zenith angles (SZA)
spanned. Figure 4.1 shows the periapsis altitude, periapsis SZA, and F10.7P for each
dayside MAVEN orbit. The Deep Dips stand out in dark blue, with Deep Dip 2 around
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8◦ SZA and Deep Dip 2 around 25◦ SZA. This set of observations has relatively small
seasonal variations and largely avoids regions with strong crustal magnetic fields,
which are known to affect electron and ion densities hundreds of kilometers above
Mars’s surface (Withers et al., 2019). Restricting the observations to those with SZA
<25◦ and periapsis altitude <130 km for low solar irradiance and <150 km for high
solar irradiance yields 14 high solar irradiance profiles (corresponding to Deep Dip 2)
and 9 low solar irradiance profiles (corresponding to Deep Dip 8). The F10.7P value
increases, on average, by a factor of two from low to high solar activity. Table 4.1
lists the median properties of the selected observations.
Figure 4.1: Distribution of solar zenith angle, periapsis altitude, and
F10.7P index (date and distance shifted to Mars’s location) for dayside
MAVEN NGIMS observations.
Previous studies have explored various aspects of the Martian atmosphere and
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Table 4.1: Median properties of low and high solar irradiance obser-
vations used in this study
Low Solar Irradiance High Solar Irradiance
Date 2017 Oct. 20-23 2015 Apr. 17-22
F10.7P at Earth (s.f.u.) 75.6 139.0
F10.7P at Mars (s.f.u.) 27.0 54.3
Mars–Sun Distance (AU) 1.67 1.48
Periapsis Altitude (km) 123 134
Solar Zenith Angle (deg.) 23.0 8.1
Latitude (deg. N) 16.5 -5.0
Ls (deg.) 76.8 328.2
Local Solar Time (hrs.) 13.5 11.9
ionosphere during Deep Dips 2 and 8. Observations of Deep Dip 2 electron temper-
atures and densities and ion composition were reported by Ergun et al. (2015) and
Benna et al. (2015b), respectively. Stone et al. (2018) derived neutral temperature
profiles from NGIMS density measurements for Deep Dips 1 through 8. Bougher et al.
(2015) reported large orbit-to-orbit variability during Deep Dip 2, showing that the
Martian thermosphere is dynamic on relatively short timescales, but that exospheric
temperatures were, on average, still driven by EUV variations. Mendillo et al. (2017)
investigated the cause of ionospheric variability in 28 orbits from Deep Dip 2. They
found that the largest driver of variability was the neutral CO2 density. Mukundan
et al. (2020) modeled ion and electron densities for several Deep Dips, including 2 and
8, using MAVEN neutral densities, electron temperatures, and solar spectra as inputs.
They found that modification of the observed neutral CO2 density was necessary to
reproduce measured CO+2 and O
+
2 densities.
Figure 4.2 shows the total ion and neutral densities for the selected orbits. The
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left-hand side of this Figure shows that for a given altitude, the total neutral and total
ion densities increase with increasing solar irradiance. The neutral density increases
roughly by a factor of four (the increase is somewhat larger at higher altitudes). The
ion density increases roughly by a factor of 2.2 at altitudes between 135 and 170 km.
Above 170 km, where transport processes are significant and the ionosphere is no
longer in photochemical equilibrium, the difference in ion density between the low
and high solar irradiance cases grows, reaching a factor of four at 200 km.
These results bear similarities to those from Chapter 3. In the previous chapter,
I found that the ratio of electron densities from high to low solar irradiance was
roughly constant between 135 and 165 km when considering 415 electron density
profiles between 76 and 78 degrees SZA. Above 165 km, the difference in electron
densities between the low and high solar irradiance cases grew. However, the ratio
of high to low solar irradiance was far smaller: in the MGS observations analyzed,
the electron densities increased by a factor of 1.15 near the peak and by a factor of
1.35 at 200 km, whereas in the MAVEN observations the total ion density increased
by a factor of 2.2 near the peak and by a factor of 4 at 200 km. This is due in part
to the smaller increase in solar irradiance: a 58% increase for the MGS observations
compared to an increase of just over 100% for the MAVEN observations. There
are also many factors that could cause the underlying neutral atmosphere in the
MGS observations to be quite different from the neutral atmosphere in the MAVEN
observations: namely, large differences in SZA, local solar time, and latitude.
Visual inspection of Figure 4.2 suggests two main reasons why total ion densities
increase with increasing solar ionizing irradiance. First, heating and expansion of the
neutral atmosphere within which the ionosphere is embedded. The photochemical
ionosphere is essentially anchored to specific pressure levels in the neutral atmosphere
(Bauer and Lammer, 2004; Schunk and Nagy, 2009). As a given pressure level in the
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neutral atmosphere rises upwards, the corresponding ionospheric density level rises
upwards as well. Above the ionospheric peak, where total ion density decreases with
increasing altitude, this effect causes an increase in total ion density at fixed altitude
even if the total ion density at fixed pressure level remains constant. Second, increased
ion production due to increased flux of ionizing photons.
In order to separate these two effects, the center panel of Figure 4.2 shows total
ion density as a function of total neutral number density, which is a convenient and
adequate alternative to neutral atmospheric pressure. In this frame of reference, the
total ion density increases by a factor of ∼1.5 from low to high solar irradiance and
this factor is approximately uniform with total neutral number density. This factor of
∼1.5 is consistent with the simplest possible photochemical model for a molecular ion
ionospheric in which total ion density is proportional to the square root of ionizing
flux — to the extent that F10.7P, which varies by a factor of two between the low and
high solar irradiance cases, is precisely proportional to ionizing flux. The factor of 2.2
found for the altitude-referenced case can be interpreted as being the combination of
this factor of ∼1.5 due to direct ionization and an additional factor of ∼1.5 due to
expansion of the neutral atmosphere.
4.4 Analysis of Ion Composition Data
Data from the NGIMS instrument on MAVEN allows us to investigate the behavior
of the ionosphere as both a function of altitude as well as density of the underlying
neutral atmosphere. Knowledge of the neutral atmospheric composition provides
additional insight into the impact that the underlying neutral atmosphere has on the
ionosphere.
Figure 4.3 shows the composition of the neutral atmosphere under changing solar
irradiance conditions for the selected orbits. The top left panel shows that the density
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Figure 4.2: Median total ion (solid lines) and neutral (dashed lines)
densities for the selected orbits as a function of altitude (left). Low
solar activity is shown in blue and high solar activity is shown in pink.
The shaded area represents the standard deviation of the profiles for
each time period. The total ion densities are also shown as a function
of total neutral density in the center. The ratio between the high and
low solar irradiance cases, as a function of both altitude and neutral
density, is shown on the right.
of each species (only CO2, CO, and O are shown here for clarity) increases at all
altitudes of interest from low to high solar irradiance. The bottom left panel shows
that these increases are of a factor of 2-10. The top right panel shows the ion densities
in terms of total neutral number density rather than altitude. Recasting the vertical
scale in terms of the total neutral density removes the effects of the bulk expansion
of the neutral atmosphere as it absorbs solar radiation and heats up. If the changes
in the neutral atmosphere from low to high solar irradiance are purely due to this
bulk expansion, the blue and pink lines in the top right panel should overlap exactly.
Within their error bars, the lines do overlap. This is emphasized by the bottom
right panel, which shows ion density ratios from the high to low solar irradiance
cases in terms of total neutral number density. The CO and CO2 densities appear
unaffected by the increase in solar irradiance. The O densities may decrease slightly
as solar irradiance increases, but the uncertainties are so large that there is no reliable
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indication of change in neutral atmospheric composition from the low to high solar
irradiance cases examined here.
Figure 4.3: Top left: Median neutral densities for CO2 (solid lines),
CO (dashed lines), and O (dotted lines) as a function of altitude. High
solar activity is in pink and low solar activity is in blue. Top right: Same
as top left, but recast as a function of total neutral density. Bottom left:
Ratio of high solar irradiance densities to low solar irradiance densities.
Bottom right: Same as bottom left, but recast as a function of total
neutral density.
A similar analysis can be undertaken for the ion species, as shown in Figure 4.4.
Here I focus on the dominant species O+2 , O
+, and CO+2 for clarity. Figure 4.4 shows
the behavior of these three ions under changing solar irradiance as a function of
altitude and total neutral number density. As a function of altitude, these three ion
species all increase with increasing solar irradiance, with the exception of O+ at high
altitudes. Changing the vertical scale to total neutral number density in order to
account for changes in the underlying neutral atmosphere confirms that these ion
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densities increase in times of higher solar irradiance. Looking at things in this frame,
it’s clear that the ratio of the individual ion densities is remarkably constant with
respect to the neutral number density. All species increase, but CO+2 shows the largest
increase of the three and O+2 shows the smallest. When referenced to total neutral
density, CO+2 density increases by a factor of just over 2, O
+ density increases by a
factor of 2, and O+2 density increases by a factor of approximately 1.5.
Figure 4.4: Top left: Median ion densities for O+2 (solid lines), CO
+
2
(dotted lines), and O+ (dashed lines) as a function of altitude. Top
right: Same as top left, but recast as a function of total neutral den-
sity. Bottom left: Ratio of high solar irradiance densities to low solar
irradiance densities. Bottom right: Same as bottom left, but recast as
a function of total neutral density.
Another perspective is provided by looking at how the relative abundance of each
species changes. The relative abundance of an ionospheric species is the percentage
of the overall ion density consisting of ions of that type. Figure 4.5 shows how the
relative abundances of three ion species change from low to high solar irradiance.
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At fixed altitude, the CO+2 abundance increases, the O
+
2 abundance is effectively
constant, and the O+ abundance decreases. At fixed total neutral number density,
however, the relative abundances of CO+2 and O
+ increase by approximately 50%.
Consequently, the proportion of O+2 ions must decrease accordingly. However, as
O+2 is the dominant ion species in these observations, the decrease in O
+
2 abundance
required by the 50% increases in CO+2 and O
+ abundances is relatively small. This is
consistent with the small, uncertain decrease in O+2 abundance that is visible in the
right panel of Figure 4.5.
Figure 4.5: Relative abundance changes for CO+2 (blue areas; solid
lines), O+2 (yellow areas; dashed lines), and O
+ (pink areas; dotted
lines) as a function of altitude (left) and total neutral number density
(right).
These trends can be interpreted in the context of some of the main photochemical
reactions taking place in the ionosphere:
CO2 + hν → CO+2 + e− (4.1)
O + hν → O+ + e− (4.2)
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CO+2 + O → O+2 + CO (4.3)
CO+2 + O → O+ + CO2 (4.4)
CO+2 + e
− → CO + O (4.5)
O+2 + e
− → O + O (4.6)
As shown in Figure 4.3, the neutral atmospheric composition at fixed total neutral
number density is effectively unchanged. Furthermore, as shown in Figure 4.4, the ion
density observations do not extend down to the ionospheric peak. Hence the incident
solar flux is uniform throughout the optically thin region within which these ion
densities were measured. As shown in Table 4.1, the ionizing solar irradiance increases
by a factor of 2 between the low and high solar activity cases studied here. These
considerations simplify qualitative assessment of the observed changes in abundances
of ion species.
CO+2 is produced only by photoionization of neutral CO2. At fixed neutral at-
mospheric density, the production rate of CO+2 is proportional to the ionizing solar
irradiance and therefore increases by a factor of 2 from the low solar activity case to
the high solar activity case. Photochemical equilibrium requires that the loss rate of
CO+2 increase by the same factor. CO
+
2 is lost by dissociative recombination and by
charge exchange with neutral O. If the dominant loss mechanism is charge exchange,
then at fixed neutral atmospheric density, the loss rate of CO+2 , which increases by
a factor of 2, is proportional to the CO+2 number density. Hence the CO
+
2 number
density increases by a factor of 2 from the low solar activity case to the high solar ac-
tivity case. This is consistent with the observed CO+2 number density increase shown
in Figure 4.4.
O+ is produced by photoionization of neutral O and charge exchange between
CO+2 and O. If the dominant production mechanism is photoionization, then at fixed
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neutral atmospheric density, the production rate of O+ is proportional to the ionizing
solar irradiance and therefore increases by a factor of 2 from the low solar activity
case to the high solar activity case. Photochemical equilibrium requires that the loss
rate of O+ increase by the same factor. O+ is lost by charge exchange with neutral
CO2. At fixed neutral atmospheric density, the loss rate of O
+, which increases by a
factor of 2, is proportional to the O+ number density. Hence the O+ number density
increases by a factor of 2 from the low solar activity case to the high solar activity
case. This is consistent with the observed O+ number density increase shown in
Figure 4.4.
O+2 is produced by charge exchange between CO
+
2 and O. At fixed neutral at-
mospheric density, the production rate of O+2 is proportional to the number density
of CO+2 and therefore increases by a factor of 2 from the low solar activity case to
the high solar activity case. Photochemical equilibrium requires that the loss rate of
O+2 increase by the same factor. O
+
2 is lost by dissociative recombination. At fixed
neutral atmospheric density, the loss rate of O+2 , which increases by a factor of 2, is
proportional to the product of the O+2 and electron densities. As O
+
2 is the dominant
ion species, the O+2 and electron densities each increase by a factor of
√
2 from the
low solar activity case to the high solar activity case. This is consistent with the
observed O+2 and total ion density increases shown in Figure 4.2 and Figure 4.4.
It follows that the abundances of CO+2 and O
+ increase relative to the total ion
density by similar amounts and the abundance of O+2 decreases accordingly, as shown
in Figure 4.5. This reasoning has heuristically explained the observed changes in
ion density between the low and high solar activity cases with assumptions of opti-
cally thin conditions and certain dominant chemical pathways. Next, I relax those
assumptions and attempt to quantitatively reproduce the observed changes using a
numerical model.
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4.5 Model Components and Output
The model framework is the same as in Chapter 3, but several model inputs are
modified to better reflect observational constraints.
4.5.1 Neutral Atmosphere
I constructed a neutral atmosphere model from the observed NGIMS densities. The
model was constructed by fitting a piecewise exponential function to each of the
six neutral species measured by NGIMS. The low and high solar irradiance neutral
atmosphere models are shown in Figure 4.6.
Figure 4.6: Low (left) and high (right) solar irradiance neutral atmo-
sphere models.
MAVEN does not directly measure the neutral temperature. Instead, the neutral
temperature is derived from observations of the structure of the neutral atmosphere
(e.g., Stone et al., 2018). I use the neutral temperature profiles calculated by Stone
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et al. (2018) for Deep Dips 2 and 8.
4.5.2 Solar Spectrum
I take advantage of MAVEN’s ability to measure the Sun’s EUV and X-ray flux at
Mars and use modeled solar EUV and X-ray spectra from the Extreme Ultraviolet
Monitor (EUVM) (Eparvier et al., 2015). Figure 4.7 shows the spectra used in the
modeling.
Figure 4.7: Low (blue) and high (pink) solar irradiance spectra. Spec-
tra from all days in the observation period are shown. The averages of
these spectra were used in the model.
This also presents an opportunity to assess the performance of the existing F10.7P-
averaged solar spectrum model I used in Chapters 2 and 3, combined with the method
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for date- and distance-shifting ground-based solar F10.7P measurements. The differ-
ence between the F10.7P-averaged and MAVEN EUVM solar spectra is on the order
of ∼10%. The ionization frequencies — essentially the integrated solar spectrum
weighted by the ionization cross section of CO2 at each wavelength — calculated for
the F10.7P-averaged solar spectrum model and the EUVM model differ by 11.5% for
the low solar irradiance case and 6.7% for the high solar irradiance case. Given that
the electron density scales roughly with the square root of the ionizing irradiance,
these differences will have a very small effect on modeled electron and ion densities,
and the use of either set of spectra would be acceptable for ionospheric modeling. The
ionization frequency of CO2 calculated from the EUVM spectra increases from 2.59
× 10−7 s−1 during the low solar irradiance period (DD8) to 5.01× 10−7 s−1 during the
high solar irradiance period (DD2) — a factor of 1.93 increase. Thus the factor of two
increase in the F10.7P values between the two time periods corresponds to a roughly
factor of two increase in the ionization frequency of the major neutral species.
4.5.3 Photochemistry
I use the photochemical scheme, photoionization cross-sections, and reaction rates
detailed in Chapters 2 and 3. The photochemical scheme originated with Mendillo
et al. (2011) in their modeling of Mars radio occultation observations. The reaction
rates are drawn from Schunk and Nagy (2009) and the photoionization cross-sections
are from the PHIDRATES database.
4.5.4 Electron Temperature
I use the electron temperature parameterization developed in Chapter 3. This pa-
rameterization is based upon in situ observations by MAVEN during Deep Dip 9
and empirical adjustments to those measurements by Peterson et al. (2020). The
parameterization is presented as a ratio of the electron temperature to the neutral
131
temperature as a function of atmospheric pressure. The parameterization takes the
following functional form, where RL is the ratio of electron to neutral temperature at
low altitudes, RH is the ratio of electron to neutral temperature at high altitudes, z0













RL is held fixed at one to satisfy the assumption of thermal equilibrium at low
altitudes. For the electron and neutral temperatures observed in Deep Dip 9, the
best-fitting parameters were RH = 9.71, z0 = 194.4 km, and H0 = 39.3 km. The
transition altitude, z0, corresponds to a pressure p0 of 1.32×10−7 Pa. This model was
developed for MAVEN Deep Dip 9 conditions. It can be applied to other conditions,
such as those of relevance here, by replacing the numerical value of z0 with the
altitude at which the pressure equals p0. Thus when applied to a new atmosphere,
the pressure level of the transition from the high-pressure/low-altitude behavior to
the low-pressure/high-altitude behavior remains the same, but the altitude of the
transition changes.
4.6 Model Output
4.6.1 Initial Model Output
Figure 4.8 shows the initial model output for Deep Dips 2 and 8. For this and
following figures, only the most important ion species are included. Clearly, some
ion species are reproduced with greater fidelity than others. Ad hoc multiplicative
factors needed to bring the modeled densities into the best possible agreement with
the observed densities are shown in Table 4.2.
Although the O+2 densities are acceptable, the model greatly over-predicts the
CO+2 density and under-predicts the O
+ densities. CO+2 is produced predominantly
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Figure 4.8: Modeled low (left) and high (right) solar irradiance cases.
Model output is presented in the solid and dashed lines. NGIMS data
are presented in the shaded regions.
Table 4.2: Multiplicative factors needed to achieve best possible agree-
ment between model output and data





by photoionization and is lost by dissociative recombination and charge exchange
reactions, especially with neutral atomic oxygen. Thus, if the model predicts greater
CO+2 densities than are measured by MAVEN, one or more of the following is true:
• the measured neutral CO2 density is too large
• the measured neutral O density is too small
• the measured electron temperature is too high
• the measured rate coefficient for the reaction between CO+2 and O is too small
• the observed solar irradiance is too large
Although any one of these factors, or a combination of several factors, has the
potential to rectify the modeled CO+2 density, these factors have the potential to
affect other ion densities as well, and a solution to the CO+2 density problem must
not create problems in other ion species, and ideally would also solve the issues with
the O+ densities.
Other modelers have encountered similar issues with CO+2 density. Xu et al.
(2018), Mukundan et al. (2020), and Stone et al. (2020) all report difficulties in
modeling the CO+2 densities observed by MAVEN.
• Xu et al. (2018): This group modeled Mars’s ionospheric response to a solar
flare. They found that the modeled CO+2 density is a factor of four higher than
the density measured by NGIMS. They also found that the electron density
measurements made by the MAVEN Langmuir Probe and Waves (LPW) in-
strument were a factor of two larger than the O+2 densities, which they suggest
could mean that there should be a factor of two calibration applied to all ion
densities measured by NGIMS. After applying this correction factor, the mea-
sured and observed CO+2 densities still differ by a factor of two. The authors
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state that the combined uncertainties from the assumption of photochemical
equilibrium and the measured neutral atmospheric densities, reaction rate co-
efficients, solar spectrum, and ion densities can account for this discrepancy.
• Mukundan et al. (2020): This group modeled the ion and electron densities for
MAVEN Deep Dips 2, 4, and 8, using NGIMS neutral densities, LPW electron
temperatures, and EUVM solar spectra as inputs. They found that their mod-
eled CO+2 densities were larger than the observed densities by a factor of 2.5.
The modeled O+2 densities are too large by a factor of 1.5. The authors system-
atically varied the model inputs in turn, and found that the best reproduction
of the CO+2 and O
+
2 densities was achieved when the neutral CO2 density was
divided by four.
• Stone et al. (2020): The main focus of this manuscript was to study how the
water abundance in the atmosphere is affected by seasonal dust storms. Thus, as
the authors’ goal was to reproduce the measured H2O
+ and H3O
+ abundances,
little scrutiny was given to the mismatched CO+2 densities. Although the sum
of their modeled ion densities matched the observed electron density well, the
densities of the two major ions, CO+2 and O
+
2 , were not well reproduced at most
altitudes. Judging by their published figures, their modeled CO+2 densities are
a factor of 2.5 too large.
4.6.2 Alternative Model Outputs
Using the photochemical equilibrium model, I investigate the factors put forward in
Section 4.6.1 as possible solutions to discrepancies between observed and modeled
CO+2 densities.
Measured CO2 density is too large. This is the solution settled upon by
Mukundan et al. (2020), who found a factor of four reduction in the CO2 density
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yielded a good agreement for CO+2 , O
+, and O+2 . I performed a series of simulations
in which the neutral CO2 density was decreased. I found that a factor of 5.6 reduction
of the CO2 density yielded the best agreement with the CO
+
2 density profile in the
low solar irradiance case, and a factor of 3.8 reduction yielded the best agreement
in the high solar irradiance case. (If instead trying to find the overall best fit to all
modeled ion densities, these factors become 2.2 and 2.6, respectively. What is best
for CO+2 is not necessarily best for all ion species.) Note that because the electron
temperature parameterization compares the pressure levels of a new atmosphere to
those of a reference atmosphere also measured by MAVEN, and because I assume
that any correction to the CO2 density in NGIMS measurements would need to be
applied across all observations, the CO2 density in the reference atmosphere used
in the electron temperature parameterization has been reduced by the same factor.
Figure 4.9 shows the results of these simulations. In the best-fitting simulations,
the CO+2 densities fit well, the O
+
2 and e
− densities fit well at low altitudes but the
discrepancies increase somewhat at higher altitudes. The O+ densities fit well in the
high solar irradiance simulation and somewhat less well in the low solar irradiance
simulation (differ by a factor of 1.5-2.5). Overall, lowering the CO2 density appears
to solve many of the modeling issues. It is interesting to note that this is the only
adjustment explored here that results in the CO+2 and O
+
2 densities fitting well in
terms of both the magnitude and the shape of the profile near the peak.
However, it’s not a trivial matter to reduce the abundance of the most prevalent
atmospheric species by such a large amount. I consulted the MAVEN accelerometer
data (Zurek et al., 2015), which provides an independent estimate of the bulk at-
mospheric density, to see if such a large reduction in the CO2 density is reasonable.
Figure 4.10 compares the neutral atmospheric density derived from the accelerometer
measurements and the NGIMS measurements for the selected orbits. Although some
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Figure 4.9: Results of the simulations in which the neutral CO2 den-
sity is decreased. Model output is presented in the solid and dashed
lines. NGIMS data are presented in the shaded regions.
reduction in the CO2 or overall neutral atmospheric density is permitted, a factor
of 5.6 or 3.8 is not compatible with the accelerometer data. Based on this compari-
son, it would be difficult to justify arbitrarily decreasing NGIMS neutral CO2 density
measurements by more than a factor of 2.
Measured neutral O density is too small. Neutral atomic oxygen is notori-
ously difficult to measure in mass spectrometers (Benna and Elrod, 2016; Fox et al.,
2017; Liu et al., 2018). Since O makes up just a small percentage of the neutral atmo-
sphere at these altitudes, varying the neutral O density is less likely to cause conflict
with the accelerometer data. By increasing the neutral O density, more CO+2 ions
are lost to charge exchange. However, increasing neutral O will also increase O+ (via
photoionization and charge exchange with CO+2 ) and O
+
2 (via charge exchange with
CO+2 ). I performed another series of simulations, this time increasing the neutral O
density. The CO+2 density matches best when the O density is increased by a factor
of 4.5 and 4.0 in the low and high solar irradiance simulations, respectively. However,
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Figure 4.10: Ratio of the atmospheric density derived from NGIMS
measurements to the values derived from accelerometer measurements
for the low (blue) and high (pink) solar irradiance cases. Results for the
99-second-averaged accelerometer data are shown in the left-hand plot
and results for the 1-second-averaged accelerometer data are shown in
the right-hand plot. The large increase in the ratio above 170-180 km
is likely due to the inability of the accelerometer to measure very low
densities. Note that the horizontal scale is different between the two
plots.
the O+2 densities are too large at low altitudes in both cases and the O
+ densities are
too large in the low solar irradiance case. Figure 4.11 shows the results of this series
of simulations.
Measured rate coefficients for the reactions between CO+2 and O (yield-
ing O+2 and O
+) is too small. Although recent laboratory results by Tenewitz
et al. (2018) suggest that the long-standing rate coefficients for the reactions between
CO+2 and O are too large, increasing the values of these rate coefficients would allevi-
ate some of the challenges of modeling CO+2 . Figure 4.12 shows the results of a series
of simulations in which the rate coefficients for the two branches of the CO+2 + O
reaction are increased relative to the original rate coefficients from Fehsenfeld et al.
(1970). For simplicity, I increased the coefficients for both branches of the reaction
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Figure 4.11: Results of the simulations in which the neutral O density
is increased. Model output is presented in the solid and dashed lines.
NGIMS data are presented in the shaded regions.
by the same proportion. The best fit to the CO+2 profile is found by multiplying the
rate coefficients by 5 and 4 in the low and high solar irradiance cases, respectively.
With these adjustments, the O+ densities fit well, and the O+2 densities match well
at high altitudes, but relatively poorly at low altitudes.
Measured electron temperature is too high. The dissociative recombina-
tion rate decreases as the electron temperature increases, so decreasing the electron
temperature will increase the rate at which dissociative recombination of molecular
ions proceeds. This is especially important for the determination of the CO+2 density
if the rate coefficient for the reaction of CO+2 with neutral O is actually much smaller,
as suggested by Tenewitz et al. (2018). They found that the rate coefficient for the
branch of this reaction that produces O+2 is nearly an order of magnitude smaller
than the long-standing value of 1.96×10−10 cm3 s−1, and the rate coefficient for the
branch that produces O+ is zero. With these rate coefficients so reduced, the slower
dissociative recombination pathway becomes a more important loss process.
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Figure 4.12: Results of the simulations in which the rate coefficients
for the reactions between CO+2 and O are increased relative to the
original rate coefficients from Fehsenfeld et al. (1970). Model output is
presented in the solid and dashed lines. NGIMS data are presented in
the shaded regions.
I perform a series of simulations in which I scale the high-altitude asymptotic
temperature (Equation 4.7), but leave the low-altitude temperature bounded by the
neutral temperature. I perform these simulations with the long-standing rate coeffi-
cients as well as the new rate coefficients measured by Tenewitz et al. (2018). The
simulations with the long-standing rate coefficients are shown in Figure 4.13 and those
using the Tenewitz et al. (2018) coefficients are shown in Figure 4.14. In the former
case, even reducing the high-altitude limit of the electron temperature by a factor
of 10 — from 1922 K to 192 K at 400 km in the low solar irradiance case and from
2534 K to 253 K in the high solar irradiance case — doesn’t have a large impact on
the CO+2 density, as dissociative recombination is not the main loss pathway for this
species.
For O+2 , which does have dissociative recombination as its main loss pathway,
the large decrease in the electron temperature at high altitudes results in modeled
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densities which are too low. In the latter case, using the new rate coefficients, CO+2
takes over as the dominant ion at or just above the main ionospheric peak, which is
not supported by any observations of Mars’s ionosphere thus far. For all remaining
simulations, I will retain the long-standing reaction rate coefficients, and anxiously
await further laboratory and modeling work.
Figure 4.13: Results of the simulations in which the electron tem-
perature is decreased, using reaction rate coefficients from Fehsenfeld
et al. (1970). Model output is presented in the solid and dashed lines.
NGIMS data are presented in the shaded regions.
Measured solar irradiance is too high. The main production pathway for
CO+2 is photoionization by solar photons. If the solar irradiance is reduced, the CO
+
2
density will be reduced as well. I performed a series of simulations in which the solar
irradiance is reduced, the results of which are presented in Figure 4.15. Reducing the
solar irradiance by 75% in the low solar irradiance case and by 70% in the high solar
irradiance case yields a surprisingly good agreement with the observed CO+2 and O
+
2
densities. However, decreasing the incident solar irradiance by such a large amount
yields unrealistically small O+ densities. Furthermore, because the F10.7P-averaged
solar spectrum model agreed with the observations by MAVEN EUVM to within 15%,
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Figure 4.14: Results of the simulations in which the electron tem-
perature is decreased, using reaction rate coefficients from Tenewitz
et al. (2018). Model output is presented in the solid and dashed lines.
NGIMS data are presented in the shaded regions.
I consider it extremely unlikely that the solar irradiance measurements are incorrect
by such a glaring amount.
4.6.3 Optimum Model Outputs
The simulations up to this point have shown that these individual factors are sufficient
to solve the issues with the modeled CO+2 densities if extreme and sometimes unreal-
istic modifications to accepted values are imposed. What’s more likely is that several
of these factors are in play simultaneously. In the final set of simulations, I allow each
of these factors to vary and identify a combination of factors that yield an acceptable
result. Specifically, I allow the CO2 density, O density, high-altitude asymptotic limit
of the electron temperature, solar irradiance, and certain rate coefficients to vary.
However, as is often the case when manipulating multiple factors simultaneously,
there is a large amount of degeneracy among the results. Thus, the “best-fitting”
models shown here should not be taken to be the only possible solution. Rather,
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Figure 4.15: Results of the simulations in which the incident solar
irradiance is decreased. Model output is presented in the solid and
dashed lines. NGIMS data are presented in the shaded regions.
they illustrate that a solution does exist. Figure 4.16 shows the best-fitting model
output, and Table 4.3 lists the model parameters that yielded these best fits. Note
that the best-fit value for the solar spectrum (0.85) is the smallest multiplicative
factor explored. I chose not to explore smaller multiplicative factors for the solar
spectrum in this set of simulations due to the good agreement between the MAVEN
EUVM spectra and the F10.7P-averaged spectra. Similarly, the reaction coefficient
and O density multiplicative factors were restricted to values of one or greater.
In this strawman solution, electron temperature and reaction rate coefficients are
unchanged, solar irradiance is decreased by 15%, O density is increased by a factor
of 2, and CO2 density is decreased by a factor of 2. These changes are potentially
reasonable. The bulk neutral density derived from NGIMS measurements is a factor
of 1.5-2 larger than the bulk density derived from accelerometer measurements (see
Figure 4.10), which could allow for a factor of 2 reduction in the CO2 density. The
conversion of broadband flux measurements to a 1-nm-binned solar spectrum intro-
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Table 4.3: Multiplicative factors for best-fitting low and high solar
irradiance cases
Te Solar Spectrum Reaction Coeff. O Density CO2 Density
1.0 0.85 1.0 2.0 0.5
duces errors of order 10% in most wavelength bins but as high as 100% in others
(Thiemann et al., 2017).
Figure 4.16: Best-fitting model output for the low and high solar
irradiance cases. Model output is presented in the solid and dashed
lines. NGIMS data are presented in the shaded regions.
4.7 Interpretation of Modeling Results
The changes seen in the photochemically controlled region of a planetary ionosphere
during periods of increased solar irradiance represent the combined effects of changes
in the spectrum of the incident solar radiation, the neutral atmosphere (including
composition and temperature), and the electron temperature. In Chapter 3, I showed
that the influence of the electron temperature is negligible, and analysis of the electron
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temperatures at Mars reveals a weak dependence on solar irradiance (e.g., at 165 km,
a doubling of the incident solar irradiance leads to a 26% increase in the electron
temperature; Marcin Pilinski, pers. comm.).
To understand better and separate the effects of the changing neutral atmosphere
and the changing solar spectrum, I perform four simulations, using the best-fitting
Te, solar spectrum, and O and CO2 density parameters from Table 4.3:
• Low solar irradiance neutral atmosphere and low solar irradiance solar
spectrum: the low-solar-irradiance end case against which to compare the test
cases
• Low solar irradiance neutral atmosphere and high solar irradiance so-
lar spectrum: test case highlighting the impact of the changing solar spectrum
— both in terms of the overall flux incident upon the top of the atmosphere as
well as the proportion of flux received at each wavelength
• High solar irradiance neutral atmosphere and low solar irradiance
solar spectrum: test case highlighting the impact of the expansion of and
chemical changes in the neutral atmosphere
• High solar irradiance neutral atmosphere and high solar irradiance
solar spectrum: The high-solar-irradiance end case against which to compare
the test cases
Figure 4.17 shows the behavior of CO+2 , O
+
2 , and O
+ in each of these four cases.
The left-hand column of Figure 4.17 shows ion densities relative to altitude. If the
model inputs change from “low solar irradiance neutral atmosphere, low solar irra-
diance solar spectrum” (dashed blue) to “low solar irradiance neutral atmosphere,
high solar irradiance solar spectrum” (solid blue), then ion density values increase at
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fixed altitude without any appreciable change in the shape of the ion density pro-
file or the altitudes of features like peaks and other inflections. Conversely, if the
model inputs change from “low solar irradiance neutral atmosphere, low solar irra-
diance solar spectrum” (dashed blue) to “high solar irradiance neutral atmosphere,
low solar irradiance solar spectrum” (dashed pink), then the ion density profiles are
effectively translated upwards in altitude with few other visible changes. If the model
inputs change from “low solar irradiance neutral atmosphere, low solar irradiance
solar spectrum” (dashed blue) to “high solar irradiance neutral atmosphere, high so-
lar irradiance solar spectrum” (solid pink), then ion density values change due to a
combination of both preceding factors.
The middle column of Figure 4.17 shows ionospheric densities relative to total
neutral number density. If the model inputs change the neutral atmosphere while the
solar irradiance is held fixed, then ion density changes are minimal. This indicates
that changes in neutral composition at fixed total neutral number density with solar
irradiance have minimal effect on ion densities. If the model inputs change the solar
irradiance while the neutral atmosphere is held fixed, then ion density changes are
substantial. This indicates that changes in solar irradiance with solar irradiance are
directly and primarily responsible for associated changes in ion densities.
The right-hand column of Figure 4.17 compares the ion densities in the “low
solar irradiance neutral atmosphere, low solar irradiance solar spectrum” case to the
densities obtained when the neutral atmosphere, solar spectrum, or both are set to
their high solar irradiance configurations. These comparisons are made at fixed total
neutral number density.
Setting the neutral atmosphere to its high solar irradiance configuration shows
that the changes in ion densities due to the neutral atmosphere composition are
relatively small. These changes are shown in the dashed pink lines. O+2 densities are
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uniformly unchanged, while O+ densities tend to decrease slightly and CO+2 densities
tend to increase slightly. This quantifies that changes in ion densities between these
cases are minimal as ion density ratios between the two cases are generally around 1.
The right-hand column also shows how ion density values at fixed total neutral
number density are affected when the solar spectrum is changed from low to high
solar irradiance (solid blue lines). This quantifies that changes in ionospheric densities
between these cases are substantial as ion density ratios between the two cases are
generally around 2 for CO+2 and O
+ and around 1.5 for O+2 .
The right-hand column also shows the combined effects of changing the neutral
atmosphere and solar spectrum to their high solar irradiance configurations (solid pink
lines). These ion density ratios tend to be more similar to the previous comparison
(solid blue line), which re-emphasizes that changes in photoionization, not changes
in the neutral composition, dominate the ionospheric response to changes in solar
irradiance. Figure 4.17 shows that these simulations have reproduced the observed
increases in O+2 and CO
+
2 density by factors of 1.5 and 2, respectively. The modeled
increase in O+ density typically falls between 1.5 and 2, somewhat lower than its
observed value of 2. This likely indicates that there are remaining improvements to
the neutral atmosphere model that could be made.
4.8 Expansion to Other SZA
The investigation so far has explored the behavior of Mars’s dayside ionosphere over
a small range of SZA (<25◦). In this section, I expand the investigation to include
observations at all dayside SZA observed by MAVEN. I generate maps of median
ion density as a function of total neutral density for low and high solar irradiance
conditions, as well as the ratio of the densities. In this investigation, I use the same
criteria to assign a label of low or high solar irradiance to each observation. Namely,
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Figure 4.17: O+2 (top row), O
+ (middle row), and CO+2 (bottom
row) densities for four simulations. The line style indicates which solar
spectrum is used: dashed for low solar irradiance and solid for high
solar irradiance. The line color indicates what neutral atmosphere is
used: blue for low solar irradiance and pink for high solar irradiance.
The left-hand column shows the results with respect to altitude, while
the middle column shows the results with respect to total neutral den-
sity. The right-hand column shows the ratio of the simulation with one
or more factors changed relative to the low-solar-irradiance end case
(dashed blue line). The solid blue line shows the effect of increased
solar flux, the dashed pink line shows the effect of neutral chemistry,
and the solid pink line shows the combined effects of these two factors.
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low solar activity observations are those with F10.7P values lower than 30 s.f.u. and
high solar activity observations are those with F10.7P values higher than 50 s.f.u.
The values derived from the global analysis shouldn’t be expected to perfectly
match those from the local analysis due to the way the data were selected. The
data used in the local analysis were selected to achieve the largest possible solar
irradiance range while minimizing seasonal, local time, and latitudinal changes. In the
global analysis, I grouped data from all seasons, local times, and latitudes together,
separating the data only by solar irradiance and SZA. Using neutral number density
as the vertical scale rather than altitude should lessen many of these effects, but
without further analysis I cannot assert that they are entirely removed. Additionally,
the mean solar irradiance value may vary between different SZA bins.
In order to better compare across SZA, the values in Table 4.4 are calculated
across the same density range for the low and high solar irradiance observations.
Additionally, the minimum neutral density value is capped at 108 cm−3 in order to
focus on measurements made in the photochemical region, though the observations
stretch to lower densities. For example, at 20-30◦ SZA, the low solar irradiance
observations span total neutral number densities from 107 cm−3 to ∼1011 cm−3, but
the high solar irradiance observations in the same SZA range span total neutral
number densities from ∼108 cm−3 to ∼5×109 cm−3. Thus, for this SZA bin, the
values in Table 4.4 are calculated from the observations in the neutral number density
range from 108 cm−3 to ∼5×109 cm−3.
Figure 4.18 shows how the O+2 density depends on total neutral number density
and SZA under low and high solar irradiance conditions. It also shows how the
O+2 density ratio between high and low solar irradiance conditions depends on total
neutral number density and SZA. The O+2 density generally increases with increasing
solar irradiance such that the ratio is generally greater than one. As expected based
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on the discussion in the preceding paragraph, due to data selection effects, the ratio
varies more strongly with SZA than with altitude. Table 4.4 quantitatively reports
how this ratio varies with SZA. In this analysis, the value of this ratio lies between
1.65 and 2.87. The median value for all dayside data (with the caveats introduced in
at the beginning of this section) is 2.17. As I judge that variations in this ratio with
SZA are primarily caused by data selection effects, I do not interpret them further.
Figure 4.19 shows equivalent results for CO+2 . The ratios reported for CO
+
2 in
Table 4.4 are between 1.72 and 3.64 with a median value of 2.43. Figure 4.20 shows
equivalent results for O+. The ratios reported for O+ in Table 4.4 are between 1.72
and 2.71 with a median value of 2.46.
The densities of O+2 , CO
+
2 , and O
+ increase during periods of high solar irradiance,
as expected. On the whole, the relative increase in density is greatest for CO+2 and
O+ and smallest for O+2 , consistent with the focused investigation reported in earlier
sections of this chapter. This global view suggests that the processes described in
previous sections are generally applicable to other dayside SZA, not just the 0–25◦
region.
4.9 Summary and Conclusions
In order to assess how ionospheric composition depends on solar irradiance, I analyzed
MAVEN NGIMS measurements from two time periods corresponding to Deep Dips 2
and 8. The ionizing solar irradiance was approximately a factor of two higher during
Deep Dip 2 than during Deep Dip 8.
I show that at fixed altitude, the total neutral and ion number densities increase
from low to high solar irradiance. The total ion number density increases by a factor
of 2.2. Changing the vertical scale from altitude to total neutral number density
removes the effects of bulk neutral atmosphere expansion. In this representation,
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Figure 4.18: Median values of O+2 density for low (top panel) and
high (middle panel) solar irradiance, as well as the ratio between low
and high (bottom panel).
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Figure 4.19: Median values of CO+2 density for low (top panel) and
high (middle panel) solar irradiance, as well as the ratio between low
and high (bottom panel).
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Figure 4.20: Median values of O+ density for low (top panel) and
high (middle panel) solar irradiance, as well as the ratio between low



































































































































































































































































































































































































the total ion number density increases by a factor of 1.5 and this increase is roughly
constant with total neutral number density.
At fixed altitude, the neutral composition changes from low to high solar irradi-
ance. However, there is no significant change in neutral composition at fixed total
neutral number density from low to high solar irradiance. It is unclear whether this
finding will hold under higher solar irradiance conditions than those observed by
MAVEN to date.
At fixed total neutral number density, ion densities change from low to high solar
irradiance. However, these changes are notably constant with total neutral number
density. CO+2 density increases by a factor of just over 2, O
+ density increases by a
factor of 2, and O+2 density increases by a factor of approximately 1.5. I interpreted
these numerical values and their uniformity with total neutral number density using
straight-forward theoretical considerations of changes in ion production and loss rates,
and find that this approach is able to justify the observed changes in ion densities. As
densities of different ion species increase differently with increasing solar irradiance,
the composition of ionospheric plasma changes with increasing solar irradiance. The
relative abundances of CO+2 and O
+ increase by similar amounts with increasing
solar irradiance, while the relative abundance of O+2 , the major ion species, decreases
accordingly.
I performed photochemical equilibrium modeling of these observations using model
inputs (neutral atmosphere, solar spectrum, and electron temperature) from MAVEN.
While the model acceptably reproduced the total ion density, densities of individual
ion species (especially CO+2 ) are not well reproduced. Similar problems in modeling
observed CO+2 densities have been encountered by other groups. I explored several
factors that have the potential to affect the modeled CO+2 densities. Decreasing the




neutral O both produce excellent agreement with the observed CO+2 densities, but did
not always result in agreement with other ion species. Optimum agreement between
model output and observations was obtained with a 15% reduction in ionizing solar
irradiance inputs, a factor of 2 increase in O density inputs, and a factor of 2 decrease
in CO2 density inputs.
I looked closely at the behavior of O+2 , CO
+
2 , and O
+ in the models in order to
understand the trends seen in the data. By assessing the behavior of each of these
ions when only the neutral atmosphere or the solar spectrum is flipped to its high-
solar-irradiance state, I can find which factors play an important role in how these
ions change with changing solar irradiance. I find that in the altitude reference frame,
the largest factor is the overall expansion of the neutral atmosphere. In the neutral
density reference frame, changes in the ionizing solar irradiance are more significant
than changes in the composition of the neutral atmosphere.
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Chapter 5
Dependence of Ion Composition of the
Ionosphere of Venus on Solar Irradiance
5.1 Introduction
In this final chapter, I turn to the question of how the composition of Venus’s iono-
sphere varies with changing solar irradiance. In Chapter 2, I analyzed radio occulta-
tion observations and showed that electron densities at Venus increase with increasing
solar irradiance, and showed that the increase is the largest at high altitudes. I repro-
duced this result using a PCE model and found that the observed behavior is due to
the changing neutral scale height and composition. The behavior of these electrons’
ion counterparts is intriguing because the composition of the ionosphere determines
what species can be lost to space, which has implications for the long-term evolution
of planetary atmospheres.
Some previous studies have investigated the effects of changing solar irradiance
on the ion densities in Venus’s ionosphere. Bauer and Taylor (1981) studied CO+2 ,
O+2 , and C
+ densities measured by the PVO ion mass spectrometer and found that
these quantities were correlated with F10.7 as well as the solar 30.4- and 102.6-nm
fluxes. Their study encompassed altitudes between 175 and 220 km, which are at
and above the top of the photochemically controlled region of the ionosphere. The
authors found that the percentage increase in CO+2 and C
+ densities is equal to the
percentage increase in F10.7, while the percentage increase in O
+
2 density is equal to
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60% of the percentage increase in F10.7. Ultimately, they concluded that the increases
in the densities of individual ions are due to a combination of increased solar flux and
exospheric temperature, with the solar flux playing the largest role.
Taylor et al. (1982) assessed solar cycle effects on Venus’s neutral atmosphere
and ionosphere, affirming previous findings of the importance of the EUV flux on
the densities of individual ion species. They found that some day-to-day changes in
ion density could not be fully explained by the solar irradiance, and hypothesized
that the solar wind interaction with the upper atmosphere of the planet might pro-
duce localized heating effects that would alter the thermosphere and, in turn, the
ionosphere.
This chapter will analyze the available Venus ion composition data from PVO,
probing the region from spacecraft periapsis to the top of the photochemical region
at ∼180 km. In Section 5.2, I present the specific questions to be answered in this
chapter. In Sections 5.3 and 5.4, I introduce the data used in this chapter and present
an initial analysis of these data. In Sections 5.5 and 5.6, I outline the components of
the photochemical equilibrium model used in this chapter and interpret the modeling
results. In Section 5.7, I expand the study to all available dayside solar zenith angles.
Finally, Section 5.8 presents the conclusions of this research.
5.2 Specific Answerable Questions
Q2. Do the ion compositions of the ionospheres of Venus and Mars vary
with solar irradiance in the same way?
(a) At what altitudes and solar zenith angles does the ion composition of the
ionosphere of Venus vary with solar irradiance as predicted by photochemical equi-
librium theory? At what altitudes and solar zenith angles do they depart from the
predictions of theory?
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(b) Which of the following factors are important to how the ionosphere of Venus
responds to changing solar irradiance: the overall expansion of the neutral atmo-
sphere, changing neutral composition at a fixed pressure level, changing importance
of minor ions, or changes in the electron temperature?
(d) Are these altitudes and solar zenith angles the same as or different from those
at Mars?
(f) Are these factors the same as or different from those at Mars?
5.3 Data
I use neutral and ion density measurements from the PV Orbiter Neutral Mass Spec-
trometer (ONMS) and the Orbiter Retarding Potential Analyzer (ORPA), augmented
by a proxy for time-varying solar ionizing irradiance. The PV data were obtained
from the Planetary Data System (PDS).
The PV ONMS measures neutral species with masses between 2 and 46 amu.
On most orbits, the instrument operated in “mass stepping” mode in which up to
eight masses in that range were selected (typically 4, 14, 16, 28, 30, 32, and 44
amu), while on every seventh orbit it proceeded sequentially, one mass unit at a time,
through the full mass range. The major species measured by ONMS were H2, He,
N, O, N2, CO, O2, Ar, and CO2. ONMS operated near periapsis, with the upper
altitude limit varying from orbit to orbit due to the ambient density, the sensitivity
of the instrument, and the presence of gases adsorbed on the walls of the instrument
from previous orbits, but typically in the 250-350 km range (Niemann et al., 1980).
The altitude resolution varies from ∼200 m to several kilometers, depending on time
to/from periapsis.
The PV ORPA measured five ion species: H+, He+, O+, O+2 , and CO
+
2 . ORPA
was unable to distinguish between ions with masses in the narrow range of 28-32
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amu (CO+, N+2 , NO
+, and O+2 ), so a fitting algorithm was used to separate the
most abundant ion in that group (O+2 ) from the remaining members (Miller et al.,
1984). The sum of ions with masses 28 amu and 30 amu (CO+, N+2 , NO
+) are
reported together as a fictitious ion with a mass of 29 amu, referred to as M29+.
As a result, O+2 and M29
+ tend to closely mirror each other. According to the
PV mission documentation, uncertainties on ion and neutral densities are 10%, but
reported values vary from 1% to well over 100% (Knudsen, 1997).
PVO recorded data on 5,055 24-hour orbits around Venus. During the first two
years of the mission, periapsis was maintained low enough to permit in situ obser-
vations of the photochemical region of the ionosphere (below 180 km). Starting in
1981, periapsis rose to 2,000 km, returning to sample the night-side ionosphere briefly
before the mission ended in 1992. In order to analyze the behavior of the neutral at-
mosphere in parallel with the ionosphere, I restricted my analysis to orbits with both
ion and neutral observations. I focused on orbits with measurements made on the
day side of the planet below 200 km. The periapsis altitudes and SZAs of these orbits
are shown in Figure 5.1. Based on the information in this figure, I chose to inves-
tigate two SZA ranges — 25-30◦ and 75-80◦ — that spanned a wide range of F10.7P
values and reached low periapsis altitudes. The F10.7P value increased by 20.5% for
the 25-30◦ SZA observations and by 30.2% for the 75-80◦ SZA observations. Table
5.1 details some characteristics of these observations.
To facilitate comparisons across orbits, I interpolated all neutral and ion obser-
vations onto a common altitude grid with a spacing of 1 km, with the exception of
CO+2 . CO
+
2 observations are extremely sparse compared to other species, often with
only one or two measurements per orbit. As a result, individual CO+2 observations
are plotted throughout this chapter rather than interpolated profiles.
For the purposes of this chapter, it’s useful to have a measure of the total ion and
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Figure 5.1: Distribution of solar zenith angle, periapsis altitude, and
F10.7P index (date and distance shifted to Venus’s location) for dayside
PV observations.
total neutral density. Not all neutral species are measured on every orbit, so in place
of a true total neutral number density, I use the sum of the CO2, O, CO, and N2
densities. For the total ion density, I simply summed the densities of all ion species
at each altitude. If there are no measurements for a major ion species (O+2 , O
+, or
M29+) for a given altitude, the total ion density is not reported for that altitude.
5.4 Analysis of Ion Composition Data
Following the procedure developed in Chapter 4, I first investigate the behavior of the
total ion and total neutral number densities under changing solar irradiance for the
two selected SZA ranges. Figures 5.2 and 5.3 show the behavior of these quantities
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Table 5.1: Average properties of the observations used in this study
25-30◦ 75-80◦
Low High Low High
Number of Profiles 2 2 5 2
F10.7P at Earth (s.f.u.) 178.5 215.3 170.8 222.4
F10.7P at Venus (s.f.u.) 341.5 411.8 326.8 425.5
Periapsis Altitude (km) 161 162 156 153
Solar Zenith Angle (deg.) 28.1 26.7 77.8 78.1
Latitude (deg. N) 16.0 14.9 15.1 15.1
for the SZA 25-30◦ and 75-80◦ observations, respectively. For the SZA 25-30◦ obser-
vations, the total ion density increases at all altitudes and neutral number densities,
demonstrated by the ratio of high to low solar irradiance densities being greater than
one in the right-hand panel. In general, the observed increase in total ion density
with increasing solar irradiance is higher than what is predicted by PCE theory; for
a 20.5% increase in F10.7P, we would expect a ratio of 1.09. Instead, the average ratio
falls around 1.3. Because the neutral density reference frame is intended to eliminate
the effects of thermal expansion of the neutral atmosphere and highlight the com-
bined effects of increasing solar flux and changing neutral composition (if present), a
density ratio different from what is predicted by PCE theory suggests that changes
in the neutral composition exist.
In the SZA 75-80◦ range, the impact of increasing solar irradiance is less clear. At
certain altitudes and pressure levels, there is a slight increase in the total ion density,
while at other altitudes and pressure levels there is a slight decrease in the total ion
density. At the neutral number densities at which the ratio dips below one, there is
only data from a single orbit available, so this result should be treated cautiously.
Given the uncertainties associated with the measurements, the ratio of high to low
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solar irradiance densities is consistent with no change at essentially all altitudes and
neutral number densities. Because the associated errors are large, the observed in-
crease in total ion density with increasing solar irradiance is also consistent with the
predictions of PCE theory — for a 30.2% increase in F10.7P, PCE predicts a ratio of
1.14. From this result, it’s not clear whether changes to the neutral composition are
expected.
Figure 5.2: Median total ion (solid lines) and neutral (dashed lines)
densities for 25-30◦ SZA, shown as a function of altitude (left panel).
Low solar irradiance is shown in blue and high solar irradiance is shown
in pink. The shaded area represents the standard deviation of the
profiles for each solar irradiance level. The total ion densities are also
shown as a function of total neutral number density in the center panel
(see Section 5.3 for a discussion of the total neutral number density at
Venus). The right-hand panel shows the ratio between the high and
low solar irradiance cases as a function of altitude and neutral number
density.
Next, I consider the behavior of the neutral atmosphere for the selected observa-
tions. Figure 5.4 shows the behavior of neutral O, CO, and CO2 in the 25-30
◦ SZA
range. The left-hand panels show that O and CO increase with increasing solar irra-
diance at all altitudes, while CO2 is consistent with no increase at all but the lowest
altitudes. The bottom left panel suggests that there is a slight altitude dependence to
the ratio; at higher altitudes, the increase in density is larger than at lower altitudes.
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Figure 5.3: Median total ion (solid lines) and neutral (dashed lines)
densities for 75-80◦ SZA, shown as a function of altitude (left panel).
Low solar irradiance is shown in blue and high solar irradiance is shown
in pink. The shaded area represents the standard deviation of the
profiles for each solar irradiance level. The total ion densities are also
shown as a function of total neutral number density in the center panel
(see Section 5.3 for a discussion of the total neutral number density at
Venus). The right-hand panel shows the ratio between the high and
low solar irradiance cases as a function of altitude and neutral number
density.
This could indicate an increase in the neutral scale height. As a function of neutral
number density rather than altitude, CO shows no change with solar irradiance while
O increases slightly and CO2 decreases greatly. This may indicate production of neu-
tral O through photodissociation. The O density ratio is remarkably constant with
total neutral density while the CO2 density ratio decreases at lower total neutral den-
sities. This result suggests that the neutral composition at fixed total neutral number
density is sensitive to changes in solar irradiance at Venus, unlike in the case study
performed at Mars. Specifically, this suggests that in these observations the O/CO2
ratio increases when solar irradiance is higher, which is supported by empirical models
(e.g., Hedin et al., 1983).
Figure 5.5 shows the neutral composition data for the 75-80◦ SZA range. As
a function of both altitude and neutral number density, O, CO, and CO2 are all
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Figure 5.4: Measurements with SZA 25-30◦ shown. Top left: Median
neutral densities for CO2 (dotted lines), CO (solid lines), and O (dashed
lines) as a function of altitude. High solar irradiance is in pink and low
solar irradiance is in blue. Top right: Same as top left, but recast
as a function of total neutral number density. Bottom left: Ratio of
high solar irradiance densities to low solar irradiance densities. Bottom
right: Same as bottom left, but recast as a function of total neutral
density.
consistent with no change. There is a slight altitude dependence in the lower left
panel, indicating an increase in the neutral scale height, which causes larger changes
at high altitudes. In the total neutral density frame, the ratios of the individual
neutral species’ densities are roughly constant across the full density range. CO2 is
offset from O and CO, but the uncertainties are too large to assert that there is an
increase.
Finally, I assess the behavior of the major ion species and present potential ex-
planations for this behavior. Figure 5.6 shows the behavior of O+, O+2 , and M29
+
in the 25-30◦ SZA range. The left-hand panels show that the densities of all three
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Figure 5.5: Measurements with SZA 75-80◦ shown. Top left: Median
neutral densities for CO2 (dotted lines), CO (solid lines), and O (dashed
lines) as a function of altitude. High solar irradiance is in pink and low
solar irradiance is in blue. Top right: Same as top left, but recast
as a function of total neutral number density. Bottom left: Ratio of
high solar irradiance densities to low solar irradiance densities. Bottom
right: Same as bottom left, but recast as a function of total neutral
density.
species of ions increase with increasing solar irradiance at all altitudes, with an av-
erage ratio of 1.4. There is no discernible difference between the species except for
the sharp increase in the high/low ratio of O+ below 170 km. However, there are
only 1-2 measurements per bin at these altitudes, so this outcome is not robust. As
a function of total neutral number density, the densities of all ion species increase
when the solar irradiance is higher. At most density levels, the increase is larger for
O+ than it is for O+2 and M29
+ (a ratio of ∼1.4 versus ∼1.15 and ∼1.3), but there
is considerable overlap between the three species. As was explored in Chapter 4, ba-
sic photochemistry predicts that O+ densities will increase by a larger amount than
166
O+2 densities when solar irradiance increases. However, the increases are larger than
expected. For a 20% increase in solar irradiance, photochemistry predicts that O+
densities will increase by 20% and O+2 densities will increase by 9%. As in the case of
the total ion density presented in Figure 5.2, individual ions increasing by a larger-
than-expected amount may be due to changes in the underlying neutral composition.
This possibility is explored later in this section.
Figure 5.6: Measurements with SZA 25-30◦ shown. Top left: Median
ion densities for O+2 (dotted lines), M29
+ (solid lines), and O+ (dashed
lines) as a function of altitude. Individual CO+2 measurements are
included as asterisks. Top right: Same as top left, but recast as a
function of total neutral density. Bottom left: Ratio of high solar
irradiance densities to low solar irradiance densities. Bottom right:
Same as bottom left, but recast as a function of total neutral density.
Figure 5.7 shows the behavior of the ion densities in the 75-80◦ SZA range. The
left-hand panels show that O+ densities are consistent with no change, while at very
high and very low altitudes CO+2 and M29
+ show an increase. In the total neutral
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density reference frame, O+ is consistent with no changes and O+2 and M29
+ show
an increase of a factor of ∼1.15 at high (109 cm−3) densities. At lower densities, all
species are consistent with no change.
Figure 5.7: Measurements with SZA 75-80◦ shown. Top left: Median
ion densities for O+2 (dotted lines), M29
+ (solid lines), and O+ (dashed
lines) as a function of altitude. Individual CO+2 measurements are
included as asterisks. Top right: Same as top left, but recast as a
function of total neutral density. Bottom left: Ratio of high solar
irradiance densities to low solar irradiance densities. Bottom right:
Same as bottom left, but recast as a function of total neutral density.
These trends can be interpreted in the context of some of the main photochemical
reactions taking place in the ionosphere:
CO2 + hν → CO+2 + e− (5.1)
O + hν → O+ + e− (5.2)
O+ + CO2 → O + CO+2 (5.3)
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CO+2 + O → O+2 + CO (5.4)
CO+2 + O → O+ + CO2 (5.5)
CO+2 + e
− → CO + O (5.6)
O+2 + e
− → O + O (5.7)
Unlike the Mars observations analyzed in Chapter 4, in which the neutral atmo-
sphere composition was essentially unchanged, there are now changes in the preva-
lence of important neutral species to contend with. To understand how these changes
affect the densities of individual ion species, I consider their effect on the main pho-
tochemical pathways listed above. First, I consider the 25-30◦ SZA case. In this set
of observations, viewed with respect to total neutral number density, the F10.7P value
increases by 20%, the O density increases by ∼10%, and the CO2 density decreases by
∼20% at the lowest altitudes. To zeroth order, the combined effects of the increases
in O density and solar irradiance boost photoproduction of O+ by 30%, and the loss
rate of O+ decreases by 20% due to the decrease in neutral CO2 density. These factors
combine to yield a 65% increase in the O+ density, which is consistent with the ratio
shown in Figure 5.6. It is slightly more challenging to take into account the other
major O+ production pathway (charge exchange between O and CO+2 ) because deter-
mination of the CO+2 density from the available data and first principles is difficult;
however, the decrease in CO+2 production due to photoionization and the increase
in CO+2 loss through charge exchange with neutral O and dissociative recombination
indicate that the CO+2 density will decrease under these conditions, thus decreasing
the production of O+ by this reaction. This suggests that the overall increase in
O+ should be lower than the predicted 65%, and should decrease at lower number
densities due to the decrease in the high/low irradiance CO2 ratio. This is broadly
consistent with the result depicted in the lower right panel of Figure 5.6.
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For O+2 , the chemistry is slightly more complicated: for each of the two main
production pathways — charge exchange between neutral O and CO+2 or O
+ and
neutral CO2 — one input decreases while the other increases, so it’s not as clear what
the effect is. However, a change in the reactants in the O+–CO2 charge-exchange
reaction will dominate the result since its rate coefficient is an order of magnitude
larger. With a 65% increase in O+ and a 20% decrease in CO2, production via the
O+–CO2 charge-exchange pathway will increase by 32%. Since O
+
2 is the dominant
ion throughout the photochemically controlled region, the O+2 density increase is
proportional to the square root of the production rate: 15%. This is consistent with
the result depicted in the lower right panel of Figure 5.6.
In the 75-80◦ SZA observations, the F10.7P value increases by 30%, the O density
neither increases nor decreases, and the CO2 density increases by 30%, although the
uncertainties on the CO2 measurements are large enough to encompass a wide range
of possibilities. Taken together, these factors suggest no change in the O+ density.
For O+2 , a 30% increase in CO2 boosts production of O
+
2 by 30%, resulting in a 15%
increase in O+2 . These results are broadly consistent with the lower right panel of
Figure 5.7, though the uncertainties are too large to rule out other scenarios.
It’s clear from analyzing these observations that the composition of Venus’s iono-
sphere can change as solar irradiance increases and that the composition of the neutral
atmosphere has an effect, resulting in a range of outcomes. In the following sections,
I apply PCE modeling to this problem in order to understand the factors at play.
5.5 Model Components
For this chapter, I use the same basic model framework as in Chapter 2. The intrica-
cies of the PV data set required an expansion of the F10.7P-averaged solar spectrum
model used in Chapters 2 and 3 as well as some adjustments to the neutral atmosphere
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model used in Chapter 2.
PVO made the majority of its in situ ionospheric observations during the robust
maximum of solar cycle 22. The F10.7P-averaged solar spectrum model used in Chapter
2 was optimized for VEX observations, which were made in the sustained lull after
solar cycles 23 and in the lead up to the weak maximum of solar cycle 24. As a result,
the maximum F10.7P levels encompassed by the solar spectrum model (150-160 s.f.u.)
were too low for the observations examined in this chapter.
I used daily-averaged spectra from the Flare Irradiance Spectral Model Version
2 (FISM2) empirical model (Chamberlin et al., 2020) to expand the existing F10.7P-
averaged solar spectrum model to higher solar irradiance levels. I obtained model
output for each day of the PV mission (1978–1992) from the LASP Interactive Solar
Irradiance Datacenter (LISIRD). I also assigned an F10.7P value to each day in that
range in order to collect the spectra in solar irradiance bins 10 s.f.u. wide from 160
s.f.u. to 230 s.f.u. The number of spectra per bin ranged from 108 to 421. I then found
the average within each bin and divided the flux at each wavelength by the photon
energy at that wavelength to convert from energy flux to the number of photons flux,
which is used in the model. Finally, because FISM2 has a wavelength resolution of
0.1 nm, I re-binned the spectra to a resolution of 1 nm to be compatible with the
model. Figure 5.8 shows the low and high solar irradiance spectra corresponding to
the two SZA ranges investigated in this chapter.
The VTS3 neutral atmosphere model (Hedin et al., 1983) is based on ONMS data.
Although it is broadly applicable to PV observations, the process of averaging and
use of spherical harmonics to create the model mean that it may not be optimized
for all observations. For the set of observations investigated here, the scale heights
provided by the VTS3 model closely matched those of the observations, but the
densities themselves disagree somewhat. Figures 5.9 and 5.10 compare the VTS3
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Figure 5.8: EUV and X-ray solar spectra corresponding to the 25-
30◦ SZA (left) and 75-80◦ SZA (right) observations. The low solar
irradiance spectra are in blue and the high solar irradiance spectra are
in pink.
model output to the ONMS data for 25-30◦ SZA and 75-80◦ SZA, respectively.
To make the VTS3 model more applicable to the target observations, I applied a
multiplicative factor to the density profile for each species. Most of the multiplicative
factors applied were on the order of 5-10%, but some were as high as 40-50%. Given
the dynamic nature of planetary atmospheres, it’s not unreasonable for some densities
to differ by this amount. Figures 5.11 and 5.12 show the result of this adjustment.
5.6 Model Output
Figures 5.13 and 5.14 show the model output for the 25-30◦ SZA and 75-80◦ SZA
ranges, respectively. For clarity, only the observed and model densities for O+, O+2 ,
and CO+2 are shown. As in previous figures, the sparse CO
+
2 observations are indicated
by individual plot symbols instead of a continuous shaded area. For both SZA ranges
and solar irradiance levels, the agreement between observed and modeled O+2 densities
is excellent. O+ densities tend to agree to within 50% in the 75-80◦ SZA case and
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Figure 5.9: ONMS data (asterisks) and VTS3 model output (solid
lines) for the selected 25-30◦ SZA data.
Figure 5.10: ONMS data (asterisks) and VTS3 model output (solid
lines) for the selected 75-80◦ SZA data.
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Figure 5.11: ONMS data (asterisks) and VTS3 model output (solid
lines) for the selected 25-30◦ SZA data after the multiplicative factors
have been applied.
Figure 5.12: ONMS data (asterisks) and VTS3 model output (solid
lines) for the selected 75-80◦ SZA data after the multiplicative factors
have been applied.
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to within a factor of two in the 25-30◦ SZA case. Though it’s difficult to draw firm
conclusions from the few available CO+2 data points, they tend to agree with the model
output to within a factor of two. Note that although the data are shown up to an
altitude of 200 km in previous sections in this chapter, they are compared against the
model output only up to an altitude of 180 km — the approximate altitude at which
plasma transport effects become important and the assumptions of photochemical
equilibrium that form the basis for this model lose their validity.
Figure 5.13: ORPA data (shaded areas and asterisks) and PCE model
output (solid lines) for 25-30◦ SZA at low (left panel) and high (right
panel) solar irradiance. Note that there is a single CO+2 data point at
180 km in the high solar irradiance plot.
Following the procedure developed in Chapter 4, I performed a set of four simula-
tions for each of the two SZA ranges. In the first simulation, the neutral atmosphere
and solar spectrum are set to their low solar irradiance states. In the following sim-
ulations, either the neutral atmosphere or the solar spectrum, or both, are flipped
to their high solar irradiance states. Figures 5.15 and 5.16 show the results for SZA
25-30◦ and SZA 75-80◦, respectively. I include only the outcomes for O+ and O+2 since
there are not enough CO+2 observations to compare against, and the model doesn’t
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Figure 5.14: ORPA data (shaded areas and asterisks) and PCE model
output (solid lines) for 75-80◦ SZA at low (left panel) and high (right
panel) solar irradiance.
contain an analog for the fictitious M29+ ion.
In the leftmost columns of these two figures, the behavior is shown with respect
to altitude. For the SZA 25-30◦ case, there is almost no change due to changes in
the neutral atmosphere (represented by a change in line color from blue to pink) for
O+ or O+2 . However, both ions show an increase at all altitudes due to the solar
irradiance increasing (represented by a change in line style from dashed to solid). As
a function of total neutral number density (middle and right columns), the result is
similar, though some small effects of the neutral atmosphere can now be seen; the
changes due to the neutral atmosphere only rise to a level of a few percent. The
right-hand column shows that the densities of O+2 and O
+ are affected more by the
increased solar flux than by the neutral composition, though for O+2 both effects are
small. These results are somewhat consistent with the observations, though for O+2
the increase in density is smaller than observed (5% compared to 15%) and for O+ the
average increase matches the data, but there is a trend with neutral number density
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that does not match the data.
For the SZA 75-80◦ case, O+2 is also affected more by the changing solar flux
than by the neutral composition, though the effect is small in this case as well. The
modeled O+2 behavior is consistent with the ORPA observations, in which the O
+
2
density increased by roughly 10% from low to high solar irradiance. In the case
of O+, we see for the first time a substantial effect due to the changing neutral
composition; in the ONMS observations, the CO2 density shows an increase of ∼25%
during the high solar irradiance period, though the uncertainties are large enough for
the observations to be also consistent with no change in density. The decrease in CO2
competes with the increase in solar irradiance for control over the O+ density, with the
changing neutral composition winning. The combination of these two effects results
in a slight decrease in the O+ density. This is consistent with the ORPA observations,
in which the O+ density hovered around no change, but the large uncertainties allow
for a slight decrease.
A central takeaway of this modeling work is that there can be substantial changes
in the composition of the neutral atmosphere at fixed total neutral number density,
and these changes have a large impact on the behavior of individual ion species.
The changes in neutral composition seen at Venus are intriguing and merit further
investigation. Since Venus’s higher proportion of neutral atomic oxygen relative to
Mars is likely due to the higher solar irradiance at Venus (flux increases by roughly a
factor of four), it’s not unexpected that increases in solar irradiance due to the solar
activity cycle and solar rotation could cause an additional enhancement in neutral O
at Venus at fixed neutral number density (Bougher et al., 2002). (At fixed altitude, O
and CO2 both increase when solar irradiance increases due to changes in the neutral
scale height.) Empirical models of Venus’s thermosphere based on ONMS data predict
exactly that (Hedin et al., 1983). What’s intriguing about the behavior seen in the
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selected observations for both Venus and Mars is the variety of outcomes; in the 25-30◦
SZA Venus observations, CO2 decreases dramatically and O increases slightly, while
the 75-80◦ SZA Venus observations and the selected Mars observations are consistent
with no change in neutral composition. The reasons for this varied behavior are not
clear; the selected observations had similar latitudes and LSTs (see Table 5.1) but
spanned a range of longitudes. Atmospheres are dynamic, so it’s possible for tides or
localized heating effects to play a role as well (e.g., Taylor et al., 1982). Whatever
the cause, the observed variety of responses of the neutral composition to changes
in solar irradiance underscores the importance of analyzing ionospheric and neutral
data simultaneously, when available.
5.7 Expansion to Other SZA
In the preceding sections I have explored the behavior of Venus’s ionosphere in two
narrow SZA ranges (25-30◦ and 75-80◦), carefully selected to maximize the altitude
and solar irradiance coverage while minimizing changes in latitude, longitude, and
LST. In this final section, I expand the analysis to include all dayside SZA observed
by PVO. I generate maps of median ion density as a function of total neutral density
for low and high solar irradiance conditions, as well as the ratio of those densities.
My criteria for assigning labels of low and high solar irradiance to each observation
are the same as in the previous sections: low solar irradiance observations have F10.7P
values less than 350 s.f.u. and high solar irradiance observations have F10.7P values of
more than 400 s.f.u.
Venus is suited to this type of broad analysis because of its minimal axial tilt and
low eccentricity orbit. Because Venus has only a small axial tilt (2.64◦ from vertical),
it does not undergo the distinct seasons seen at Mars. Because its orbit is nearly
circular, changes in solar irradiance viewed from Venus are almost entirely due to
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Figure 5.15: O+2 (top row) and O
+ (bottom row) densities for four
simulations with SZA 25-30◦. The line style indicates which solar spec-
trum is used: dashed for low solar irradiance and solid for high solar
irradiance. The line color indicates which neutral atmosphere is used:
blue for low solar irradiance and pink for high solar irradiance. The
left-hand column shows the results with respect to altitude, while the
middle column shows the results with respect to total neutral density.
The right-hand column shows the ratio of the simulation with one or
more factors changed relative to the base case (dashed blue line). The
solid blue line shows the effect of increased solar flux, the dashed pink
line shows the effect of neutral chemistry, and the solid pink line shows
the combined effect of both factors.
changes in the Sun’s behavior rather than due to changes in the Venus–Sun distance.
However, in this representation, the mean solar irradiance value may vary between
different SZA bins, so differences between bins are not unexpected.
Table 5.2 lists the median density values and ratios for O+2 , O
+, and M29+. In
order to better compare across SZA, the median values in Table 5.2 are calculated
across the same density range for the low and high solar irradiance observations.
Additionally, the minimum neutral density value is capped at 108 cm−3 in order to
focus on measurements made in the photochemical region, though the observations
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Figure 5.16: O+2 (top row) and O
+ (bottom row) densities for four
simulations with SZA 75-80◦. The line style indicates which solar spec-
trum is used: dashed for low solar irradiance and solid for high solar
irradiance. The line color indicates which neutral atmosphere is used:
blue for low solar irradiance and pink for high solar irradiance. The
left-hand column shows the results with respect to altitude, while the
middle column shows the results with respect to total neutral density.
The right-hand column shows the ratio of the simulation with one or
more factors changed relative to the base case (dashed blue line). The
solid blue line shows the effect of increased solar flux, the dashed pink
line shows the effect of neutral chemistry, and the solid pink line shows
the combined effect of both factors.
stretch to much lower densities. For example, at 50-60◦ SZA, the low solar irradi-
ance observations span total neutral number densities from ∼5×106 cm−3 to ∼3×109
cm−3, but the high solar irradiance observations in the same SZA range do not in-
clude measurements taken at densities above 108 cm−3. Therefore, Table 5.2 does
not provide values for the high solar irradiance case or a ratio of high to low solar
irradiance densities in this SZA range.
Figure 5.17 shows how the O+2 density depends on total neutral number density
and SZA under low and high solar irradiance conditions, as well as the ratio between
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those two quantities. This Figure and Table 5.2 show that the ratio of high solar
irradiance to low solar irradiance O+2 densities is typically larger than one, although
it falls slightly below one in three of the seven SZA bins.
Figures 5.18 and 5.19 show how the O+ and M29+ densities vary with solar irra-
diance, SZA, and total neutral number density. The ratios of high solar irradiance
to low solar irradiance M29+ and O+ densities are also typically larger than one,
although the O+ ratio falls slightly below one in three of the seven SZA bins.
On average, the densities of O+2 , O
+, and M29+ increase during periods of higher
solar irradiance. The increase in density is largest for O+ and the smallest for O+2 .
The median F10.7P value for the low solar irradiance observations is 326 s.f.u. The
median F10.7P value for the high solar irradiance observations is 418 s.f.u., an increase
of roughly 28%. If the neutral atmosphere composition doesn’t change with solar
activity, basic photochemistry suggests that O+ density ratio should be 1.28 and the
O+2 density ratio should be 1.13. Any changes in the neutral atmosphere composition
at a given pressure level — due to chemistry rather than expansion — could cause
these ratios to depart from these values. The median observed density ratios are 1.22
and 1.09, respectively, suggesting that there could be effects due to changing neutral
composition, though the associated uncertainties are too large to claim that there
is a meaningful difference between the expected and observed values. In Section
5.4, O+ was observed to increase more than O+2 in the 25-30
◦ SZA observations
(in which neutral CO2 decreased and neutral O increased) but not in the 75-80
◦
observations (in which neutral CO2 increased and neutral O was unchanged). This
suggests that it is more typical for neutral CO2 to decrease and neutral O to increase
when solar irradiance increases, though a more detailed look at the behavior of the
neutral atmosphere is necessary to confirm this finding.
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Figure 5.17: Median values of O+2 density at Venus for low (top panel)
and high (middle panel) solar irradiance, as well as the ratio between
low and high (bottom panel).
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Figure 5.18: Median values of O+ density at Venus for low (top panel)
and high (middle panel) solar irradiance, as well as the ratio between
low and high (bottom panel).
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Figure 5.19: Median values of M29+ density at Venus for low (top
panel) and high (middle panel) solar irradiance, as well as the ratio










































































































































































































































































































































































































































5.8 Summary and Conclusions
In order to assess how ionospheric composition at Venus depends on solar irradiance,
I analyzed PV ORPA and ONMS observations with SZA 25-30◦ and 75-80◦. These
observations were selected because they covered the largest possible range of solar
irradiance values while probing the lowest possible altitudes. The increase in F10.7P
between the low and high solar irradiance observations was ∼20% for 25-30◦ SZA
and ∼30% for 75-80◦ SZA. For the 25-30◦ SZA observations, the total ion density
increased with increasing solar irradiance at all altitudes (165-200 km) and corre-
sponding neutral number densities. This increase was larger than expected from the
predictions of PCE theory, suggesting that there were changes in the underlying neu-
tral atmosphere. Analysis of the individual neutral species showed a slight increase in
atomic oxygen and a decrease in CO2. All ion species increased with solar irradiance
as a function of altitude as well as total neutral density, with O+ increasing somewhat
more than O+2 and M29
+. This suggests that, as was the case at Mars, the relative
abundance of O+2 decreases as solar activity increases while the relative abundance
of O+ increases. For the 75-80◦ observations, it was difficult to discern any variation
in the total ion density, total neutral density, individual ion densities, or individual
neutral densities. Within the uncertainties, all of these observations were consistent
with no change in density with increasing solar irradiance as well as the changes pre-
dicted by simple PCE theory. This result held in both the altitude and total neutral
number density reference frames.
I performed photochemical equilibrium modeling of these two sets of observations,
using a new F10.7P-averaged solar spectrum model based on FISM2. The model ex-
cellently reproduced O+2 densities and adequately reproduced O
+ and CO+2 densities,
to within 50% and a factor of 2, respectively. I performed a set of four simulations for
each SZA range in which the neutral atmosphere and solar spectrum were alternated
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between their low and high solar irradiance states. Analysis of these simulations
suggested that the solar spectrum had a larger effect on the resultant ion densities,
though for the 25-30◦ SZA observations a large change in the neutral composition
had a greater effect.
Finally, I expanded the analysis to include the full PV ORPA dayside data set,
creating maps of the O+2 , O
+, and M29+ densities at low and high solar irradiance as
a function of total neutral number density. O+ densities typically increased by the
largest amount (a factor of 1.22 ± 0.43), followed by M29+ (1.15 ± 0.29) and O+2
(1.09 ± 0.37). O+ increasing more with increasing solar irradiance than O+2 agrees
with the results from Mars, though the increases are smaller at Venus than at Mars
due to the smaller range of F10.7P observed. Since O
+ was observed to increase more
than O+2 in the 25-30
◦ SZA observations (in which neutral CO2 decreased and neutral
O increased) but not in the 75-80◦ observations (in which neutral CO2 increased and
neutral O was unchanged), this suggests that it is more typical for neutral CO2 to
decrease and neutral O to increase when solar irradiance increases. However, the
large uncertainties prevent a definitive answer.
The analysis performed in this chapter and in Chapter 4 suggest that the iono-
spheres of Venus and Mars generally adhere to the predictions of photochemistry,
provided that the effects of bulk expansion of the neutral atmosphere are removed






The goal of this dissertation was to understand how changing solar irradiance affects
the electron densities and ion composition above the main ionospheric peaks of Venus
and Mars. Here, I return to the specific answerable questions laid out in Chapter 1.
Q1. Do the electron densities of the ionospheres of Venus and Mars vary
with solar irradiance in the same way?
(a) At what altitudes and solar zenith angles do the electron densities in the iono-
sphere of Venus vary with solar irradiance as predicted by photochemical equilibrium
theory? At what altitudes and solar zenith angles do they depart from the predictions
of theory?
I addressed this question in Chapter 2 by analysis of radio occultation observa-
tions of Venus performed by Venus Express. Simple photochemical theory predicts
that ionospheric electron densities should vary according to Ne = Ne,0 F
k, where
k=0.5, at all altitudes and dayside solar zenith angles. Analysis of Venus’s dayside
ionosphere from SZA = 30◦ to SZA = 75◦ — the fullest extent allowed by this set
of radio occultation observations — reveals that this is not the case. At the solar
zenith angles investigated in this chapter, the ionosphere varies according to simple
photochemical equilibrium theory between approximately 135 and 150 km. Above
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and below this altitude range, the increase in electron density with increasing solar
irradiance exceeds the increase predicted by theory.
(b) Which of the following factors are important to how the ionosphere of Venus
responds to changing solar irradiance: the overall expansion of the neutral atmo-
sphere, changing neutral composition at a fixed pressure level, changing importance
of minor ions, and changes in the electron temperature?
I addressed this question in Chapter 2 by using a photochemical equilibrium model
to test the impact of the changing neutral atmosphere, importance of minor ions, and
changing electron temperature on the response of ionospheric electron densities to
changing solar irradiance. Minor ion species and changing electron temperature had
little to no effect on the behavior of the ionosphere. The large-scale “puffing up”
of the neutral atmosphere was largely responsible for the observed behavior of the
ionosphere.
(c) At what altitudes and solar zenith angles does the response of electron densi-
ties in the ionosphere of Mars conform to the predictions of simple photochemical
equilibrium theory? At what altitudes does it depart from the predictions of theory?
I addressed this question in Chapter 3 by analysis of radio occultation observa-
tions from Mars Global Surveyor. I analyzed Mars’s dayside ionosphere from 71◦ to
89◦ SZA, the full extent of this data set. At 70-75◦ SZA, the ionosphere varies ac-
cording to simple photochemical equilibrium theory between approximately 130 and
170 km. Above and below this altitude range, the increase in electron density with
increasing solar irradiance exceeds the increase predicted by theory. At larger solar
zenith angles, the k value at these altitudes is smaller, though all SZA show the same
increase in response above and below this altitude range. However, the choice of solar
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irradiance proxy can affect the calculated value of k. Namely, the value of k expected
for an ionosphere in photochemical equilibrium will be smaller than 0.5 when the
analysis uses F10.7P as a proxy for the ionizing irradiance. The value is approximately
0.415 when using F10.7P as a proxy.
(d) Are these altitudes and solar zenith angles the same as or different from those at
Venus?
The different observing geometries at Venus and Mars restrict direct comparisons
using radio occultations to SZA > 70◦. Despite this, there are still valuable insights
to be gained from comparing the behavior of these planets’ ionospheres at these SZA.
At 70-75◦ SZA, the ionosphere of Mars varies according to simple photochemical
equilibrium theory between approximately 130 and 170 km. At the same SZA at
Venus, the ionosphere adheres to the predictions of photochemical equilibrium theory
between approximately 135 and 150 km. The narrower range of altitudes is due to
the compression of Venus’s atmosphere relative to Mars; the neutral scale height near
Venus’s ionospheric peak is 4 km, compared to 8 km at Mars. Recasting the vertical
scale of the ionosphere as the number of scale heights above the peak brings the two
planets into closer agreement.
(e) Which of the following factors are important to how the ionosphere of Mars
responds to changing solar irradiance: the overall expansion of the neutral atmo-
sphere, changing neutral composition at a fixed pressure level, changing importance
of minor ions, and changes in the electron temperature?
I addressed this question in Chapter 3 through photochemical modeling. By far the
dominant factor for determining how Mars’s dayside ionosphere responds to changing
solar irradiance is the overall expansion of the neutral atmosphere and the corre-
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sponding changes in neutral atmospheric composition with respect to altitude.
(f) Are these factors the same as or different from those at Venus?
These factors are the same at Venus, which suggests that in-depth studies of the
dayside ionospheres of these two planets should consider the behavior of the neutral
atmosphere in tandem with the behavior of the ionospheric plasma, where possible.
Q2. Do the ion compositions of the ionospheres of Venus and Mars vary
with solar irradiance in the same way?
(a) At what altitudes and solar zenith angles does the ion composition of the iono-
sphere of Venus vary with solar irradiance as predicted by photochemical equilibrium
theory? At what altitudes and solar zenith angles do they depart from the predictions
of theory?
I addressed this question in Chapter 5 by analysis of in situ measurements by
Pioneer Venus Orbiter. For observations with SZA between 25◦ and 30◦, the indi-
vidual and total ion densities increased more than expected from the predictions of
photochemical equilibrium theory (30% increase in the total ion density for a 20.5%
increase in F10.7P). O
+ increased by a factor of ∼1.4 while O+2 increased by a factor
of ∼1.2. Analysis of the underlying neutral densities showed that the neutral com-
position also changed with solar irradiance (CO2 decreased and O increased). When
these changes to the neutral composition were taken into account, the results agreed
with the predictions of photochemical theory. For observations with SZA between
75◦ and 80◦, in which the F10.7P value increased by 30.2%, the uncertainties were too
large to distinguish between a scenario in which the increase in ion densities agreed
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with simple photochemical theory and a scenario in which there is no change with
solar activity. In a broad analysis of all available dayside SZA, most SZA showed
increases in O+2 , O
+, and M29+ as a function of total neutral number density. On
average, O+ densities increased more during periods of high solar irradiance than O+2
densities, leading to an increase in the relative abundance of O+ and a decrease in
the relative abundance of O+2 .
(b) Which of the following factors are important to how the ionosphere of Venus
responds to changing solar irradiance: the overall expansion of the neutral atmo-
sphere, changing neutral composition at a fixed pressure level, changing importance
of minor ions, or changes in the electron temperature?
I addressed this question in Chapter 5 through photochemical modeling. When
viewed as a function of altitude, the most important factor in shaping how Venus’s
ion composition responds to changing solar irradiance was the neutral atmospheric
expansion. When viewed as a function of neutral number density, the changing solar
flux was typically the most important factor, although changing neutral composition
had a large effect on the ion composition in the 25-30◦ SZA observations.
(c) At what altitudes and solar zenith angles does the response of the ion compo-
sition in the ionosphere of Mars conform to the predictions of simple photochemical
equilibrium theory? At what altitudes does it depart from the predictions of theory?
I addressed this question in Chapter 4 by analysis of in situ data from MAVEN.
During the time periods analyzed, the ionizing solar irradiance changed by approx-
imately a factor of two. This factor of two increase in irradiance corresponded to
a factor of 2.2 increase in the total ion density as a function of altitude, increasing
to a factor of 3.5 at high (>180 km) altitudes. This increase is larger than what is
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predicted by simple photochemical theory, which doesn’t account for the changes in
the neutral atmosphere that occur when the incident solar irradiance increases. Con-
sidering the behavior of the ionosphere as a function of total neutral density rather
than altitude mitigates this issue. In this reference frame, the total ion density in-
creases by a factor of 1.5 — consistent with the predictions of photochemical theory.
Major ions O+2 , CO
+
2 , and O
+ also show increases with solar irradiance that change
with altitude but are constant with neutral number density. The densities of O+2 ,
CO+2 , and O
+ increase by factors of approximately 1.5, 2, and 2, respectively. The
magnitude of these increases can be explained by analysis of the relevant production
and loss rates. These trends are approximately reproduced when looking at all SZA
with a less carefully curated set of observations. In this broad view of the dayside
ionosphere, CO+2 and O
+ increase by a larger factor, on average, than O+2 does.
(d) Are these altitudes and solar zenith angles the same as or different from those at
Venus?
At both Venus and Mars, the results largely held across all available dayside solar
zenith angles and neutral density values, although there is considerable scatter in the
results. This suggests that these conclusions are broadly applicable across the pho-
tochemical regions of terrestrial planets with carbon-dioxide-dominated atmospheres.
However, the selected Venus observations showed large changes in neutral composi-
tion that weren’t seen in the selected Mars observations. This is an interesting finding
that merits further study.
(e) Which of the following factors are important to how the ionosphere of Mars
responds to changing solar activity: the overall expansion of the neutral atmosphere,
changing neutral composition at a fixed pressure level, changing importance of minor
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ions, and changes in the electron temperature?
When viewed in the altitude reference frame, the overall expansion of the neu-
tral atmosphere is the most important factor. Analysis of the neutral atmospheric
composition reveals that the composition of the neutral atmosphere changes little,
at least under the range of solar irradiance studied. When the effects of the overall
expansion of the neutral atmosphere is removed by considering the behavior at fixed
neutral density, the most important factor is the increased solar irradiance.
(f) Are these factors the same as or different from those at Venus?
When assessing the behavior as a function of altitude, the bulk expansion of the
neutral atmosphere is the dominant factor at both planets. When assessing the be-
havior as a function of total neutral number density, both planets show compositional
changes due to the increased ionizing irradiance, but only Venus showed changes due
to changing neutral composition as well. In the 25-30◦ SZA observations, the effects
of changing neutral composition were even larger than the effects of increasing solar
flux. These results suggest that analyzing ionospheric data as a function of total neu-
tral number density as well as altitude is a valuable way to understand the nuances
of how the neutral atmosphere affects the ionosphere.
6.1.1 Open Questions and Future Work
Future investigations of Venus and Mars should further clarify these answers, though
this work has also raised new questions; the cause of the markedly different behav-
ior of the neutral atmospheres of Venus and Mars, though beyond the scope of this
dissertation, merits further investigation. Given the relatively small range of solar
irradiance levels spanned by the PVO in situ measurements of the dayside neutral
atmosphere and ionosphere, this investigation would be best supported by a space-
craft mission orbiting Venus during a moderate to low solar activity period. As this
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dissertation focused primarily on the behavior of the ionosphere and touched on the
neutral atmosphere only as a way to interpret the ionospheric finding, a dedicated
comparison of the neutral atmospheres of Venus and Mars, undertaken using the
available data from PVO and MAVEN, may also yield new insights.
In some ways, the in situ investigations of Venus and Mars have probed very dif-
ferent regions of parameter space, which adds to the challenge of making comparisons
between the two planets. As MAVEN continues to sample the ionosphere of Mars,
it will begin to experience solar maximum at the red planet, which will yield a new
understanding of how high solar irradiance impacts it. Past in situ observations of
Venus have endured a blazing solar maximum but lack an understanding of the gen-
tler conditions at solar minimum. As our explorations of Venus and Mars stretch
onward on human timescales, so too will our understanding of how these planets’
atmospheres and ionospheres have changed over the course of solar system history
and will continue to change in the future.
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Gérard, J.-C., Bougher, S. W., López-Valverde, M. A., Pätzold, M., Drossart, P., and
Piccioni, G. (2017). Aeronomy of the Venus Upper Atmosphere. Space Science
Reviews, 212(3):1617–1683.
Girazian, Z. and Withers, P. (2013). The dependence of peak electron density in
the ionosphere of Mars on solar irradiance. Geophysical Research Letters, 40:1960–
1964.
Girazian, Z. and Withers, P. (2015). An empirical model of the extreme ultraviolet
solar spectrum as a function of F10.7. Journal of Geophysical Research (Space
Physics), 120:6779–6794.
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Němec, F., Morgan, D. D., Kopf, A. J., Gurnett, D. A., Pitoňák, D., Fowler, C. M.,
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